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PREFACE. 



In the following pages I have endeavoured to exhibit the 
Laws of Fluids, and the principles of their practical applica- 
tions in a form adapted to all students of Mathematical and 
Natural Philosophy. 

Many very valuable treatises have been published on this 
subject ; but from their being either almost exclusively prac- 
tical or exclusively mathematical, and from the physical parts 
of the science being detached from the theoretical, the student 
cannot derive much real advantage from them, unless previously 
acquainted with the principles of the science, and with the 
Differential and Integral Calculus; for unless so previously 
prepared, he must content himself with adopting results vrith- 
out being thoroughly acquainted with the processes by which 
they are obtained. It is abvious that this method of arriving 
at an end, without understanding the means, may employ, but 
cannot properly instruct the mind. 

I have endeavoured in the following treatise to develop 
the principles of the science with the use of none but the most 
elementary mathematics ; so that the student, who now either 
partially or wholly neglects this beautiful branch of Natural 
Philosophy, from the uninviting character which Analysis 
presents to those who are not familiar with it, may proceed to 
its study, with the knowledge of a few propositions of Geo- 
metry, Algebra and Mechanics, and for understanding by far 
the greater portion of the subject even that amount of previous 
knowledge is not necessary. 

The plan here adopted is similar to that which has been 
pursued by Dr Whewell in the kindred science of Mechanics ; 
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and being already peculiarly indebted to him, not only on 
account of the advantage which I derived from his college 
lectures upon Hydrostatics, but for his advice at the com- 
mencement of this work, I feel pleasure in laying myself under 
additional obligation, by availing myself of his language m 
illustration ot the plan here attempted to be pursued. 

" These principles may be familiarized to many who may 
never become dexterous analysts, and there are advantages in 
not introducing the general analytical methods till some of the 
more simple cases have been separately considered ; for these 
methods suppose a command of analysis which can only be 
acquired in time, and which therefore should not be taken for 
granted at an early period. And it is desirable that this 
science should be studied by persons who do not ever acquire 
a knowledge of more than the elementary parts of mathematics. 

" In a system of study like that of our University, it 
would be a mistake to present the introductory subject in a 
manner which supposes that the learner is necessarily to 
advance far in mathematical pursuits. We ought to lay our 
foundation so as to admit of such a superstructure, but not so 
as to be useless without it*." 

It has been truly observed that the whole science of Hydro- 
statics in its most modem form is only the development of the 
idea of fluidity in connexion with pressure +; but how difficult 
it is for the mind to apprehend that idea in such a manner as 
to deduce from it all the remarkable conclusions constituting 
the science of Hydrostatics, the history of the science from the 
time of Stevin and Galileo and daily experience fully shew ; 
and hence it is that the apprehension of that idea, and the con- 
nected chain of propositions whereby it is fully developed, 
may afford scope for the exercise of much thought, and may 

• Preface, Elementary Mechanics. 

+ See History of the Inductive Sciences, Vol. i. page 102. Second 
edition. 
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become a most valuable agent for the purposes of general 
educatlon> and for training and disciplining the mind and 
familiarizing it with the process of inductive reasoning. 

The general propositions, as well as the fundamental prin- 
cijJes or axioms of the science are few ; but the division of the 
subject necessary for presenting it in a practical form gives 
rise to several specific propositions which are strictly applica- 
ble only to some particular cases. But though the general 
propositions of the science are few in number, their practical 
applications and illustrations are very numerous, as a glance at 
the annexed table of contents will shew. 

It is not the object of the following pages, nor are the 
machines and illustrations introduced, intended to teach and 
represent practical engineering: the student who wishes to 
inform himself as to the precise details of construction of the 
steam-engine, for instance, and of other machines, as practised 
by the mechanical engineer of the present day, must have 
recourse to treatises especially devoted to practical science, and 
in many cases to the workshop : my object having been to 
shew the principles and modes of action which are common to 
all machines of the particular class referred to, rather than to 
shew the precise manner in which an engineer would construct 
them ; hence, with some few exceptions, the precise details of 
the construction form no part of the descriptions contained in 
the following pages. He who is acquainted with the general 
principles and mode of action of the particular machine, will 
have little difficulty in tracing and referring to its true cause 
any peculiarity which may present itself in the construction of 
the mechanical details. 

The student who shall have made himself acquainted with 
the general principles of the science, and the Differential and 
Integral Calculus, wiU find in my Theory of the JEquilibrium 
and Motion of Fluids, or in other works, the development of 
the laws of fluids by the power of mathematical analysis. 
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In this edition I have added a chapter on "Waves and Tides, 
and the Equilibrium and Motion of Water in Tidal Rivers and 
Estuaries, subjects which have hitherto not received that atten- 
tion vyhich their importance deserves. No portion of the 
subject presents more instructive illustrations, and on few 
subjects do so many erroneous impressions exist. I have 
also introduced throughout the work such additional illustra- 
tions as are suited to fix attention on the principles involved 
in the practical applications of the Laws of the Equilibrium 
and Motion of Fluids. I take this opportunity of thanking 
those who have favoured me with suggestions upon the work, 
and I shall be greatly obliged by any hints whereby its utility 
for the purposes of University or general education may be 
increased. 

T. W, 

LoNDOH, 

May, I85(i. 



CONTENTS. 



CHAPTER I. 

PAOK 

On the Pbopebties or Fluids 1 

Arts. 1. Iktboddotion. 2. Fluidity. 3 — 4. Properties and 
Definition of a Fluid. 5. Liquids and Gases. 6. Dilatability. 7 Ef- 
fect of Heat. 8. Every Fluid Particle has \reight. 9. Gravitation of 
Fluids. 10. Fluids subject to Gravity. 11. Measure of Fluid Pressure. 
12. Density. 13. Measure of 'Weiglit. 14, Compressibility. 15 — 16. 
Elasticity and Compressibility. 17 — 19. "Water and all Fluids compres- 
sible and elastic. 

CHAPTER II. 

Ok the Fquilibeium or Fluids subject to Pbessuee 16 

Arts. 21. Transmission of Pressure, 22 — 23. Action and Reac- 
tion. 24. Piston Experiments. 25. Unit of Pressure. 26. Practi- 
cal Illustrations. 27. Principle of Bramah's Press. 28. Equation of 
Virtual Velocities. 28 a. Armstrong's Hydraulic Cranes. 

CHAPTER III. 

On the Equilibkium of Fluids subject to Gbatitt 24 

Arts. 29. Observations. 30. Any part of a fluid may become 
rigid. 31. Pressure equal at surface. 32. Surface horizontal, 83. 
Level Surface, 34. Fluids rise to same level. 35. Water-works. 36. 
The Level. 37. Spirit Level. 38. The Depression. 40. Levelling. 

CHAPTER IV. 

On the Pbessube op a Fluid subject to Geavitt, 37 

Arts. 42. Pressure proportional to the depth. 43. Pressure on a 
plane. 44 — 47. Pressure on surfaces. 48 — 50. Centre of Pressure. 
51 — 2. Resultant of pressures. 63 — 66. Hydrostatic Bellows and Pa- 
radox. 66. Artesian Wells. 67—69. Flow of Water, 

CHAPTER V, 

On the Equilibrium of Floatino Bodies 66 

Arts. 61. Pressure on body immersed. 62. Horizontal pressures in 
equilibrium. 63. Plane of floatation. 64. Floating body. 65, 
Green's Canal Lifts. 66. Moving force of body immersed. 67. Ca- 
mel, Life Preservers. 68. Ascent of light bodies. 69. Conditions 
of rest. 70 — 73. Equilibrium Stable, Unstable, and Indifferent. Me- 
tacentre, 73 <z. Stable and Unstable Equilibrium recur alternately. 



CONTENTS. 



CHAPTER VI. 

On Specific Gbavitt 

Arts. 74-76. Definition, &c., and Tables of Specific GraTity. 
77. Specific Grarity as tlie Density. 78. Weight lost on immersion as 
the Specific Gravity of tlie Fluid. 79. Hydrostatic Balance. 80. Spe- 
cific Gravity of a Compound. 81. Common Hydrometer. 82. Sikes 3 
Hydrometer. 83. Nicholson's Hydrometer. 84. Corrections. 85. 
Specific Gravity of Air and Gases. 86. Tme Specific Gravity and 
Weight. 87. Tables of Specific Gravity and Examples. 



CHAPTER VII. 



On Elastic Fiiiids.. 



Arts. 88—90. Elastic force inversely as the space, and directly as 
the density. 91. Expansion of all Gases the same. 92. Amonton's 
Law. 93. Difi'usion of Gases. 94. Dalton's Law. 95. Gases exert 
the pressure due to their volume. 96. Law of Gascons Diffusion. 
Graham's Experiments. 97. Common Air Pump. 98. Density de- 
creases in Geometrical Progression. 99. Practical Limits. 100. Si- 
phon Gauge. 101. Smeaton's Air Pump. 102. Cuthbertson's Air 
Pump. 103. Condenser. 104. Density increases in Arithmetical Pro- 
gression. 105. Siphon Gauge. 106. Air Gun. 107. Diving Bell. 
108. Space clear of Water in Diving Bell sunk to given depth. 108 a. 
Gas Meters. 

CHAPTER VIII. 

On the Atmospheee 109 

Arts. 109. Remarks. 110. Discoveries of Torricelli and Pascal, 
111. Barometer. 112. Atmospheric Pressure equals weight of Baro- 
metric Column. 113. Correction for relative capacity of Tube and 
Basin. 114. True Barometric Column. 115. Imperfect Barometer. 
116. Diagonal Barometer. 117. Wheel Barometer. 118. The Wea- 
ther. Dalton's B.ules. 119. Densities of Strata are in Geometrical 
Progression. 120. Measurement of Heights. 121 — 123. Difference of 
altitude of two stations, and corrections. 124. Height of a, homoge- 
neous Atmosphere. 125. Pressure on a square inch. 126. Elastic 
force of Air. Atmospheric Column. 126 a. Aneroid Barometer. 
Manometer. Pressure Gauges. 127. Effects of Atmospheric Pres- 
sure. Inverted Vessels, Pneumatic Trough, Gasometer. 127 a. At- 
mospheric Railway. 128 — 129. Constitution and Limit of Atmo- 
sphere. 



CONTENTS. XI 

CHAPTER IX. 

FAOB 

On Pcmps and Machines pok baisinq Water 187 

Arts. 130—133. Common Suction Pump. 134—135. Lifting 
Pump — ^Beer Machine. 186. Forcing Pump. 137. Draining Mines. 
138. Plunger Pump. 189—141. Air Vessels— Defects. 142.. De La 
Hire's Double-acting Pump, 143. Fire Engine. 144 — 146. Siphon — 
Reciprocating Springs, 147. Screw of Archimedes. 148. Chain 
Pamp. 

CHAPTER X. 

On the Motion and Resistance of Fluids 167 

Arts. 149, Instantaneous Destruction of Motion. 160. Hydraulic 
Ram. 151, Water Wheels. 151a, j Water-pressure Engine. 152. 
Reaction Machines, 152 a. Turbines. 152 i. Resistance of Flnids — 
Paddle Wheels — Screw Propulsion — Sails of Windmill. 163. Velo- 
city of Efflux. 

CHAPTER XI. 

On the Htdbo-mechanical ob Bbamah Fbess 166 

Arts. 154, Description of the Press. 166. Relation betwixt 
Power and Weight. 166. Examples. 167 — 161. Practical Construc- 
tion and Applications. 

CHAPTER XII. 

On Tempeeatube and Heat 177 

Arts. 162. Remarks on Temperature. 163. Thermometer. 
164. Different Graduations. 166. Pyrometer — Alcohol Thermo- 
meter. 166. Register Thermometer. 167. Difference between 
Temperature and Heat. 168 — 171, Laws of Heat — Transfer — 

Radiation Reflexion, Differential . Thermometer, 172. Preyost's 

Theory. 173. Cooling of Bodies. 174. Specific Heat. 175. Air ^ 
colder in upper regions. 176. Level of Congelation. 177. Latent 
Heat. 178—179. Sensible and Insensible Heat, 180. Fluidity 
the consequence of Latent Heat. 181. Slaking of Lime, An- 
nealing, 181a. Perkins's Hot Water Apparatus, 

CHAPTER XIII. 

On Steam and its Applications 205 

Arts. 182, Remarks. 183. Rapid increase of Elastic Force. 184. 
Generation and application of Steam — Steam Engines. 185—186. At- 
mospheric Engine. 187. Single-acting Engine. 188. Double-acting 
Engine. 189. High Pressure Engine — ^Locomotive Engine — Rotatory 
Engine — Reaction Engine. 190. Cornish Engine. 190 a. Duty of 
Steam Engines. 191. Steam Gun — Nasmyth's Steam Hammer — Na- 
Smyth's File-driving Machine. 



Xll CONTENTS. 

CHAPTEE XIV. 

PAOK 

On Evafoeation 230 

Arts. 192—196. Theory of Evaporation. 197. Hygrometers. 198. 
Clouds. 199— 200. Button's Theory of Kain, Snow, Hail. 201. Dew. 
Hoar Frost. 202. Springs and Quantity of Bain. 

CHAPTER XV. 

On Winds 246 

Arts. 203. Causes of 'Winds. 204. Constant Winds. 205. Vari- 
able Winds. Hurricanes. 206—208. Trade Winds. Compensation 
Currents. 209. Sea and Land Breezes. 210. Monsoons. 210 a. 
Hurricanes, Typhoons, Kotary Storms. 

CHAPTEE XVI. 

On Capillary Atteaotion 264 

Arts. 211. Capillary Phenomena. 212. Forces of Capillarity. 
213. Equilibrium of the Column. 214. Laplace's Theory. 215. 
Pressure at Plane Surface. 216. Pressure at Curred Surface. 217. 
Elevation or Depression of a Capillary Surface. 218. Conditions 
of Concavity or Convexity. 219. Experiments. 220. Motions of 
Floating Bodies, 221. Theories of Laplace and Poisson. 

CHAPTEE XVII. 

On Sounc 273 

Arts. 222 — 223. Production and Transmission of Sound. 224. 
Velocity of Sound. 225. Reflexion of Sound. 226. Illustrations. 
227. Musical Sounds. 228. Interference of Sound. 229. Conclusion. 

CHAPTEE XVIII. 

On Waves and Tikes, and Motion of Waxes and Tidal Phe- 
nomena IN BlVEBS AND EsTnARI£S 283 

'' Arts. 230. Transmission of pressure and motion in pipes aud 
channels. 231. Waves. 232. Characteristics of waves. 233. Gene- 
ration of a wave. 234. Propagation of a wave. 235. Reflexion and 
interference of waves. 236. Waves due to action of wind. 237. 
Tides in the ocean. 238. Tides in the atmosphere. 239. Tides in rivers 
and estuaries. 240. Velocity of tidal wave. 241. Range of tide and 
time of high water. 242. Illustrations. 243. The Bore. 244. Equi- 
librium in tidal rivers. 245. Transport and deposit of solid matter by 
waves and currents. 246. Submerged beaches — Harbours. 247. Canal 
wave navigation. 

APPENDIX— TABLES, &c, 

I. Specific Gravities. II. Elastic Force, Temperature and 
Volume of Steam and Water in contact. III. Elastic Force (in Atmo- 
spheres) and Temperature of Steam and Water in contact. IV, Elastic 
force of Vapour from 32" JP to 86" F. 



THE 

PRINCIPLES OF HYDROSTATICS. 



CHAPTEE I. 

ON THE PROPERTIES OF FLUIDS. 



1. The substances presented to us by nature may 
be divided into solid and fluid matter. Now all matter 
is subject to certain laws, according to -which, the phe- 
nomena of motion and of rest, of pressure and of the other 
effects arising from the mutual action of bodies and of their 
particles, take place; the investigation of the laws which 
express these phenomena is the chief object of Physical 
Science. 

The laws, to which solid matter is subject, are treated of 
in Mechanics; and it is the object of that part of Natural 
Philosophy, which is commonly termed Hydrostatics, to 
investigate these laws jfor fluid matter, that is, to determine 
the conditions according to which liquids and gases are 
at rest or in motion, and to shew the practical application 
of these conditions as exhibited in the pressure of fluids, 
in the support of floating bodies, in various instruments and 
machines whose use and action depend on the general laws 
of fluid equilibrium and motion, and in a vast variety of 
natural phenomena. 

The particles which compose solid bodies or combine 
into dense and hard masses, are held together by a force, 
termed the force of cohesion, which either does not exist 
at all or exists only to an extremely small and almost 
inappreciable amount in fluids. Now all those substances 

,^/V.P.H. 1 



2 THE PROPERTIES OF FLUIDS. 

in which this force exists in so slight a degree, if it exists at 
all, that the particles can be moved amongst each other with 
a resistance scarcely appreciable, are called fluids, and the 
laws of their equilibrium and motion are treated of in the 
following pages. 

The laws by which matter is governed in the constitu- 
tion of bodies, present a series of the most interesting and 
intricate questions. Among these the infinite divisibility 
of matter has been much agitated. To determine this 
by direct experiment is, owing to the imperfection of our 
senses, hopeless. The argument in favour of this hypo- 
thesis is derived from pure Geometry. For a line or sur- 
face admits of division without limit, and to whatever de- 
gree matter is divided, since each small particle possesses 
surface and extension, it may be considered susceptible of 
still further division*- Many objections might be urged 
against this conclusion, but the researches of Dalton, and 
the discoveries of modern Chemistry, furnish strong argu- 
ments against the infinite divisibility of matter, and in 
favour of the Atomic Theory. For all the changes which 
■we can produce consist in separating particles that are in a 
state of cohesion or combination, and in joining those that 
were previously at a distance: no creation or destruction 
of matter is within our power, or the reach of chemical 
agency. And since the chemical properties of the particles 
would be necessarily altered by a change in their form and 
magnitude, but no such alteration is ever observed in their 
properties, we may conclude that there are certain dimensions 
beyond which matter cannot be reduced. 

The Atomic Theory of Dalton leads us, therefore, to 
assume that bodies consist of ultimate particles or atoms 
which are indivisible by any means mechanical or chemical 
within our reach. These atoms may indeed be conceived 

• See Webster's Elements of Physics, p. 11. 
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to be divisible, but are incapable of actual division, by our 
agencies. We have only to assume with Dalton that all 
bodies are composed of ultimate atoms, the weight of which 
is different in different kinds of matter, and we explain at 
once the laws of chemical union ; and this mode of reasoning 
}s in the present case almost decisive, because the phenomena 
do not appear explicable on any other supposition*, 

2. Fluidity. The facility with which the component 
particles of a fluid are moved amongst each other constitutes 
the characteristic distinction between solids and fluids. Foir 
the particles composing a solid mass cannot be readily sepa- 
rated and moved amongst each other, and in general their 
separation can only be effected by the application of an 
appreciable amount of force ; whereas it is difficult to con- 
ceive any force, however small, which is not sufficient to 
separate and move amongst each other the particles of a 
fluid mass. It is however evident that the particles of 
different fluids are moved amongst each other with dif- 
ferent degress of facility ; whence the term fluidity is applied 
to fluids, by which is meant the degree of facility with 
which the particles may be separated or moved amongst each 
other. Hence fluids have been divided into perfect and 
imperfect ; under the former of which are classed those whosq 
component particles have no sensible cohesion, and under 
the latter, those whose particles have some sensible cohe- 
sion. This distinction is hypothetical and arbitrary, since 
no fluid possesses perfect fluidity; and the terms perfect 
and imperfect indicate only certain states in which the fluid 
exists: thus the fluidity is,, very perfect in boiling water 
and very imperfect in oil, and the viscidity or tenacity of 
any particular fluid appears to increase as the temperature 



" See Turner's Chemistry ,• Dalton's New System of Chemical Philo- 
sophy ; Daubeny's Atomio Theory. 
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■4 THE PROPERTIES OF FLUIDS. 

3. Fundamental Properties of Fluids. Our own obser- 
vation and experience make known to us the three following 
fundamental properties of fluids. 1. That a fluid can be 
readily divided in any direction. 2. That its parts press 
against each other and against any solid surface with which 
they are in contact. S. That its parts press, that is to say, 
transmit pressure equally in all directions. 

It will be seen hereafter how these which are the fun- 
damental properties and characteristics of all fluids may be 
derived from the definition of a fluid. 

4. Definition of a Fluid. A fluid is a collection of 
particles indefinitely small and capable of acting on and mov- 
ing amongst each other in every direction without friction. 

The above definition of a fluid suggested by the facts 
which observation and experience teach us will serve as the 
basis of our mathematical reasoning on fluids. It will follow, 
as a corollary from the above definition, that fluids may be 
readily divided in any direction, and it will be seen hereafter 
in what manner the fundamental properties of the transmission 
of pressure (Art. 3) may be derived from the same definition *- 

5. Liquids and Gases. Fluids are divided into liquids 
and gases, ^nd the characteristic difference betwixt these 
two substances is, that a slight attraction exists between 
the particles of a liquid, for they collect under certain 
circumstances into spherical drops, but between the par- 
ticles of a gas, a repulsive force exists, in consequence of 
which a gas dilates or increases in volume, unless confined 
to a certain bulk by pressure. Thus a liquid may be 
defined as a fluid having no tendency of itself to increase 

• Professor Challis gives the following definition of a fluid: «A 
perfect fluid is one which admits of heing divided by an indefinitely thin 
solid substance without any assignable force." — Syllabus of Leetures, 
Art. I, 
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in bulk; and a gas, a fluid having such tendency. Also 
we may consider the forces of mutual attraction and repulsion 
betwixt the particles as counterbalancing each other in a 
liquid, whereas in a gas the force of repulsion predominates. 

It is convenient also to consider gases as divisible into 
permanent gases and vapours. Some substances present 
themselves under three forms or states, namely, solid, 
liquid, and gaseous; others under two, and others under 
one. Thus water may exist in three different states, as ice, 
as a liquid^ and as a vapour ; but alcohol has hitherto been 
known to exist only as a liquid; and a vapour ; and common 
air only as a gas ; hence air is said to be a permanent gas. 

Those gaseous substances which do not readily assume 
the liquid state are called permanent gases, and those which 
readily assume that state are termed vapours*. 

Fluids are also distinguished by the terms elastic and 
inelastic, the former of which includes the gases and the 
latter the liquids. It will however be seen hereafter that all 
fluids are elastic,, or undergo some change in density on a 
change in the pressure to which they are subject. 

6. DilataMlity. By the dilatability of a substance is 
meant that quality in virtue of which it has a te|ndency to 
increase in bulk without any increase in the quantity of 
matter. It is this quality which gives rise to the division of 
fluids into liquids and gases (Art. 5), the former of which 
do not readily change in bulk, but the latter increase in bulk, 
or dilate, as the pressure to which they are subjected de- 
creases. 

7. J^ect of Heat. The influence of this agent in the 
different physical states of bodies, as solid, liquid, or gaseous, 

' It has been ascertained by Dr Faraday and others that many of the 
gases which are ordinarily called permanent gases may by cold and pres- 
sure be reduced to liquids. See Phil. Trans, 1823, pp. 160, 189 ; and 1845, 
p. ISd. 
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is very remarkable. All bodies expand by heat and contract 
by cold, but the law of the expansion and contraction is 
very different for solids and fluids. By the increase of heat 
solids may be converted into liquids and liquids into vapours 
or gases, and on its decrease the liquids are reconverted into 
solids and the vapours or gases into liquids. Thus it appears 
that cohesive force is weakened and destroyed by the agency 
of heat, and repulsive force is called into action. 

To this general law however as to the effect of heat and 
cold in causing bodies to expand and contract there are some 
itemarkable exceptions} thus water as it passes into ice 
expands ; some pf these peculiarities will be referred to here- 
after*. 

8. Prop. Ever i;^ particle of matter, fluid as well as solid, 
has vieight. 

It is evident that any considerable portion of any fluid, 
matter, such as water, is hpavy; and the weight of ex- 
ceedingly small portions may be accurately determined: 
whence it may be inferred that every particle (every elemen- 
tary particle on the hypothesis of constituent atoms, Art. 1) 
has a certain definite weight, though not appreciable by 
our senses. A similar inference may be made respecting air 
and all the gases, for the actual weight of very small 
portions even of the lightest of them may by nice experi- 
ments be determined, whence as before the weight of every 
portion or collection of particles is inferred, and thence the 
weight or gravitation of every particle of the fluid matter. 

9. Prop. The particles of all fluids gravitate, the upper 
parts pressing on the lower, 

■ The consequences of the weight or gravitation of the 
particles of a fluid, and the attempted explanation of some 
well-known phenomena, gave rise, in the infancy of the 

" See Chapter on Temperature and Heat. 
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Science of Hydrostatics, to objections both interesting and 
instructive. 

That the weight or gravitation of a fluid mass is the con- 
sequence of tlie gravitation of each individual portion of that 
mass somehow or other collectively effective, cOuld never be 
disputed. But that each particle does singly and separately 
gravitate, and act on the one immediately in contact with it, 
so as by this united action collectively to compose the weight 
of the whole, was for a long period the subject of much dis- 
cussion*. The fact that a bucket full of water weighs much 
less when immersed in water than when not immersed, was 
appealed to, and the inference was that the water in the 
bucket does not gravitate because it is surrounded by its own 
element, so long as the bucket is immersed in the water. 

Again, appeal was made to the case of divers, who are 
said to experience no additional pressure -though they descend 
to great depths, but move about without constraint and as 
freely as when near the surface ; whereas if fluids do gravitate 
in propria loco the divers must sustain considerable pressures. 
Now the fact is, that divers do sustain additional pressure ; 
but owing to the equality of pressure on all sides no distortion 
or dislocation can take place; and this fact was fully esta- 
blished by Boyle, in experiments on tadpoles, which moved 
about- with perfect facility, though their bodies were consider- 
ably reduced in size by the fluid pressure. But the depths 
to which divers descend is very small when compared with 
the depths to which any heavy substance may be sunk ; and 
it is a well-known fact, that if an empty bottle be corked 
and sunk to the depth of fifty fathoms, either the cork will 
be forced in or the bottle broken. The. diminished weight of 

* The action of Gravity was sapposed to be the attempt of a body when 
out of its place to get into it. Hence when a body was not out of its place 
there was no reason for gravity to exert itself, and therefore bodies did not 
gravitate in propria loco, or when they were in their proper place, as a por- 
tion of fluid surrounded by its own elemet>t. 
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the bucket will be shewn also to be the necessary consequence 
of the graTitation of fluids in propria loco. Many other 
objections were raised and facts appealed to, all of which 
however may be readily explained; and the curious reader 
will find full details respecting them in the philosophical 
works of Boyle*. 

10. Action of Gravity. From the last two propositions 
it is evident that the particles of fluids are subject to the 
same law of gravity as the particles of solid bodies ; and if 
experiments were made on the descent of small masses of 
fluids in the same way as experiments are made on solids by 
Atwood's machine, or in any other manner, it would appear 
that the force of gravity accelerates the motion of a falling 
fluid mass, adding equal velocities in equal times^ precisely 
according to the law by which it accelerates a falling solid 
body. In confirmation of the assertion, that the particles of 
a fluid mass are subject to the same law of gravity as those 
of a solid, we may instance the construction of pendulums 
with mercurial bobs, that is, the bobs instead of being a 
solid mass of metal, are hollow vessels filled with mercury ; 
and any other fluid if heavy enough would do equally 
well, so far as the mere oscillation of the pendulum is 
concerned. 

11. Meas-ure of Jluid pressure. Fluid pressure like all 
mechanical force is measured by weight ; and gravity (being 
a force which under similar circumstances acts on all bodies 
equally, so as to produce the same efiects on all, that is, 
generating the same velocity in all in the same time,) is most 
conveniently measured by the velocity generated in a given 
portion of time, as 1". Now velocity is measured by space 
passed over, and the velocity generated in a given time is 
measured by the space which would be passed over in an 

• See Vol. II, p. 786. Ed. Lond. 1772. 
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equal portion of time by a body moving with the velocity 
generated during that time. Hence the velocity generated 
in 1" is measured by the space which a. body, moving with 
that velocity, would pass over in 1". 

Let this space be represented by the letter ff, and ff is 
from numerous experiments found very nearly equal to 
32j feet*. This then is the measure which is adopted, and 
the force of gravity effective in producing motion or pressure, 
or, as it is called, the accelerating force of gravity, is measured 
by this quantity. 

12. Density. A substance may contain a greater or a 
less quantity of matter in a given volume or bulk, according 
to the circumstances under which it is place^d, that is, it may 
be more dense or have a greater density under some circum- 
stances than under others. If then some uniform standard 
or unit of volume be assumed, we may define the density of a 
body to be the quantity of matter contained in that unit of 
volume. The Greek letter p will be employed in the following 
pages to represent the quantity of matter in a unit of volume, 
or the density of the body. 

13. Measure of the weiffht of a lody. The weight of a 
body, or the force which must be exerted in consequence of 
the tendency of a body to fall to the earth, to prevent its so 
falling, is caused by the accelerating, force of gravity acting on 
all its particles, and will therefore be proportionate to the 
quantity of matter which the body contains. Hence, if ^ be 
the force of gravity (Art. 11) on one particle, and p be the 
quantity of matter in the unit of bulk (Art. 12), the whole 
weight of that unit will be gp. 

Now every body is measured by the number of units 
of bulk which it contains,- the weight therefore of one unit 
being known, the weight of the whole body is known also. 

* Wbewell'g Elementary Mechanics, Sixth edition, Art. 81. 

1—5 
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Let V be the volume of a body, that is, the number of linits 
of bulk which it contains, then Fffp is the weight of the body. 

14. Compressibitity. By the compressibility of bodies 
is. meant that qua,lity in virtue of which a body admits of 
its bulk being reduced by pressure, so that an equal quantity 
of matter may be contained in less space. 

Hence when a body is compressed its density is increased. 
(Art. 12.) 

15. Elasticity. By the elasticity of bodies is meant that 
quality in virtue of which a body resists compression or 
extension, and resumes its original state when the force to, 
which it was subjected has ceased to act. 

In treating of the elasticity of bodies as a practical ques- 
tion, care must be taken to distinguish between the elasticity 
which is attended with a change of volume, and that which 
is attended with a change of form; both these changes 
generally co-exist. When a quantity of air is compressed by 
a piston in a cylinder, or by a tumbler inverted over water 
and pressed down, the elasticity is accompanied by and 
proportional to the change of volume, as will hereafter appear 
(Art. 89), but when a steel spring is bent, the elasticity is 
accompanied by a change of form ; in the former case the 
change of volume is the principal feature to be remarked, and 
in the latter the change of form. The well-known substance 
caoutchouc, or Indian rubber, will afford a good exemplifica- 
tion of the elasticity connected with both change of form and 
change of volume. If a ball of this substance be compressed, 
or drawn out and elongated, its form readily changes, and it 
resumes its .original shape and size when the force of com- 
pression or of tension to which it was subjected is removed, 
whereas if the substance be enclosed by rigid sides the 
elasticity is materially affected. This is the case with a 
drop of water or mercury; if lightly pressed it phanges 
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its form, and returns to it immediately on the pressure being 
removed, but water or mercury, if enclosed in a tube and 
pressed by a piston, is under ordinary pressures inelastic and 
incompressible. 

16. Perfect Compressibility and Elasticity. The quali- 
ties of compressibility and elasticity are found .in di£ferent 
bodies in very different degrees. A substance is said to 
possess perfect compressibility, when the diminution of its 
volume is proportional to the compressing force, and perfect 
elasticity, when the force of restitution is equal to the force of 
compression. 

Hence, in a perfectly elastic body, the elastic force is 
proportional to the diminution of volume. Such appears to 
be the case with common air. 

l7- Prop. All Fluids are compressible and elastic. 

The compressibility and elasticity of the gases could never 
have been disputed, and they consequently obtained the name 
of the elastic fluids, but the liquids exhibit so little appearance 
of yielding to compression that they were formerly considered 
as incompressible and inelastic. 

Florentine experiment. The incompressibility of water 
was considered as established by the experiment of the 
academicians of Florence near the end of the 17th century. 
In this experiment a sphere of gold filled with water and 
accurately closed up was subjected to pressure, when some 
of the water appeared like dew on the outside. Now the 
solid content of a sphere is greater than any figure of equal 
surface ; hence no change could take place in the form of the 
sphere on its yielding to the pressure without its capacity 
being diminished and the water being compressed. But the 
sphere having changed its form, and the water having con- 
sequently been forced through the pores, it was concluded 
that water is absolutely incompressible. This experiment 
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can only shew that water may be forced through the 
pores of a mass of gold more easily than it can be compressed. 
And had the water not escaped in this way, but ap- 
peared to yield to the pressure, and to occupy a smaller 
space, its compressibility could not from this circumstance 
have been inferred, unless it was certain that the sphere 
had not yielded in any part so as by some extension in the 
materials of which it was composed to make up for the 
diminution in solid content consequent on the change in its 
form. 

Canton's experiment. The opinion of the absolute in- 
compressibility of water prevailed very generally until Canton 
proved its incorrectness, by measuring with great accuracy 
the compressibility of water and other liquids. The experi- 
ment of Canton was at once simple and decisive. A glass 
tube of small diameter, and carefully graduated, having a 
large bulb at the bottom, was filled to a certain height with 
water ; on placing this under the receiver of an air-pump and 
exhausting the air, the water rose in the graduated tube, and 
sunk again to its original height on the air being readmitted. 
Also, on placing it in the receiver of a condenser, and sub- 
jecting it to an increased pressure the water sunk in the tube. 
Thus, the degree of compression of the water due to the 
weight of the atmospheric pressure on the surface of the glass 
and of the water was ascertained, and Canton assigned the 
compression of water for the pressure of an atmosphere at 
•000044, or la^^^y of its volume*. The preceding experiment 
establishes also the .elasticity of water, since the water re- 
turns to its original bulk on the increased pressure being 
removed. 

PerJcinis experiment. The compressibility of water was 
proved in a different manner by Mr Perkins, namely, by 

• See Philosophical Transactions, 1762 and 1764. 



TEE PROPERTIES OF FLUIDS. 13 

subjecting water to mechanical pressure. A flask or long 
tube is furnished with a cylindrical stopper, and an index for 
measuring the amount by which the stopper may have been 
pressed in. This index may be a spring-ring placed on the 
stopper or in the neck of the flask or tube, and adapted so as 
to stay at whatever point it is placed. The flask or tube being 
filled with water up to a certain point in the neck, the stopper 
inserted, and the index adjusted, so that if the stopper be 
pressed in the index will move also, the flask is placed in a 
cannon or other strong vessel full of water, and more water is 
forced into this vessel by a pump. The water in the flask 
will' thus be compressed, and the stopper forced in, and the 
index will tell the amount of the compression. The stopper 
returns to its original position so soon as the additional 
pressure is removed ; thus the compressibility and elasticity of 
water or any other liquid may be proved, and the degree of 
compression accurately measured**. 

The experiments of Canton have been repeated with great 
care by CErstead, and his results verified in a remarkable 
manner. CErstead confirms the result that water is not so 
compressible in summer as in winter, or at high as at low 
temperatures; he finds that the differences of volume in 
the compressed water are proportionate to the compressing 
power, and that the decrease of volume produced by 
pressure preserves the same proportion to the pressure as 
far as 65 atmospheres: he assigns the compressibility of 
water, under a pressure equal to that of the atmosphere at 
.0000461 of its volume t. 

Messrs. CoUadon and Sturm have investigated the com- 
pressibility of different liquids with great precision, and they 

* See Philosophical Transactions, 1821. 

+ See Report of Third Meeting of British Association, p. 353. 
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assign the following as the amount of compression due to the 
pressure of one atmosphere*. 



Water. 

Alcohol. 

Mercury '.. 


0.00004965 

0.0000916 

0.00000338 


1 

20U8 

1 
10911 

I 
295857 



19. While however the elasticity and compressibility of 
fluids, apparently inelastic and incompressible, is, thus esta- 
blished, it mustbe remembered that the pressure to which they 
are subjected is great, and such as can rarely occur ; extreme 
cases therefore of this kind may be disregarded in a practical 
consideration of the laws of fluids. Hence, for all practical 
purposes, fluids may be divided into elastic and inelastic. 
Elastic fluids being those whose dimensions are increased or 
diminished exactly according to the diminution or increase of 
pressure to which they are subjected (Art. 16); and inelastic 
fluids those whose dimensions undergo no sensible change 
for any small increase or diminution in the pressure to which 
they are subjected. 

Common air will in general be taken as the representative 
of elastic and water of inelastic fluids t. 

• The results of these philosophers diiFer in amount from those of 
tErstead ; the discrepancies have been referred to the compression of the 
tubes or vessels containing the liquid. See M. Poisson in Mem. Ac. ScL 
1827, 1828. 

t The student is referred to the Elements of Physics by the Autho; 
of this work, for a more detailed account of the properties of bodies. 



CHAPTER II. 

ON THE EQUILIBRIUM OF FLUIDS SUBJECT TO 
PRESSURES. 



20. In the precediDg Chapter the general properties of 
fluids have been treated of; we shall now proceed to consider 
their mechanical properties, that is, the conditions of their 
equilibrium when subject to mechanical action. And it is 
of great importance to form an accurate conception of the 
mechanical properties of a fluid considered as a Collection of 
particles which may be moved amongst, each other by any 
assignable force. We shall treat in the present Chapter of the 
laws of eqnilibrium of a fluid subject to pressure. 

21. Transmission of Pressure. The characteristic dis- 
tinction betwixt fluids and solids is, that the former trans- 
mit pressure in every direction, the latter in one direction 
only, namely, that in which the force is impressed. 
The transmission of pressure in every direction is involved 
in our conception of fluidity; we are perfectly convinced, 
on grasping any flexible vessel containing a fluid in our 
handsj that every portion of the containing surface expe- 
riences some pressure; that the fluid presses out in every 
part in consequence of the force impressed upon it by our 
hands. 

Hence, in treating of the equilibrium of fluids, the 
transmission of pressure is the contradistinguishing property 
between them and solids. This characteristic property, 
involved as it is in our conception of a fluid mass subjected 
to pressure and remaining in equilibrium, may be considered 
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as the necessary consequence of the application of pressure 
to such a collection of particles as constitute a fluid. For 
all the particles being equally free to move in all directions, 
if any number of these particles, that is, any portion of 
the fluid be subjected to pressure, the particles so acted on 
will be immediately put in motion, unless the action be 
counterbalanced by the action of the contiguous particles: 
this mutual action will extend throughout the whole fluid 
mass, that is, there will be a pressure transmitted in every 
direction. 

And further, this transmission of pressure throughout 
the entire mass of the fluid takes place instantaneously, 
that is, no appreciable interval of time elapses between 
the impression of the force and its action at every part 
of the entire mass. This remarkable property of fluids, 
namely, the instantaneous transmission of pressure equally 
in all directions, is the subject of many useful practical 
applications. 

22. Actum and Reaction. The laws of mechanical equi- 
librium are the same for all substances, and do not depend 
on the degree of coherence of the particles of the substances 
which are the subjects of those laws. Thus if any fluid 
mass subject to pressure be in equilibrium, the conditions 
will be precisely the same as in the action of forces on solid 
bodies. For the equilibrium being established, the system 
of particles, whether composing a compressible or an. in- 
compressible fluid, may be supposed to become rigid, with- 
out in any manner affecting the equilibrium. Now when 
bodies act on each other mechanically, the equality of 
pressure is a universal statical truth, and in order to 
distinguish the two actions between which the equality 
subsists, -it is expressed by saying that action and reaction 
are equal. 
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23. Prop. A fluid being subject to pressure, the trans- 
mitted action is equal to the original action. 

The action or pressure which is transmitted (Art. 21) 
•will be transferred to every point of the containing surface. 
At any point in the containing surface the transmitted 
action will be balanced by the reaction of the sur&ce. "We 
haye then two forces of precisely the same kind impressed 
on the fluid, namely, the origmal action and the reaction of 
the surface. Now this reaction, whatever be its! magnitude, 
will, since it is a pressure impressed on a fluid, give rise to a 
transmitted action in all directions ; and at the point at which 
the original action is impressed, the original action becomes 
the reaction ; for to suppose it either greater or less, involves 
an absurdity. The original action then and the reaction at 
any point being thus convertible and equal, and the reaction 
being, by the general law of the equality of action and reaction, 
equal to the transmitted action, the transmitted action is also 
equal to the original action. 

Hence a pressure exerted on a fluid is transmitted equally 
in all directions ; thus fluids press in all directions, they also 
press equally in all directions. 

The preceding is also true for fluids whose particles have 
sensible tenacity or viscidity, the only difference being, that 
the pressure is not transmitted in all directions with the same 
velocity with which it is transmitted in the direction of the 
impressed action. This deviation is however only instanta- 
neous, and when the equilibrium is established the law of 
the equality of pressure obtains*. 

24. Prop. A fluid mass subjected to pressure, is equally 
pressed on all equal portions of the containing surface whatever 
be their directions. 

* This fandamental law of the transmission of pressure equally in all 
directions may be strictly derived from the diefinition of a fluid. See 
Sgllabm of Lectures, by Prof, (^hallis, p. 31, 
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Let any vessel having any liutnber of equal portions of 
its surface^ removed and replaced 
by pistons, as represented in the 
figure, be filled with fluid. Let 
any one of these pistons be pressed 
in with a. given foree P, then all 
the other pistons will start out, 
and the fluid will not be in equi- 
librium, unless a force equal to P be applied to all of them. 
For the pressure exerted on the fluid is transmitted in every 
direction, and the transmitted action is equal to the original 
action (Art. 23), and the transmitted action being exerted on 
the bases of pistons which are all equal, must- exert equal 
pressures on all; and the forces which must be applied to 
each of these pistons to counterbalance the transmitted action, 
tnust, since it is to be applied in the same manner and to 
pistons equal to the first . piston, be equal to the force which 
produces the original action. Hence a force equal to P must 
be applied to all the other piston's, that the equilibrium may 
be maintained. Now these pistons may be in any parts of 
the surface of the containing vessel, and of any magnitude;, 
and the vessel may be of any conceivable shape ; whence it is 
evident that all parts of a fluid in equilibrium are by the 
action of a force equally pressed on all equal portions of the 
containing surfaces. 

25. Unit of Pressure. The action exerted on any por- 
tion of the surface of the containing vessel is proportional to 
the area of that portion. For in the preceding proposition 
the action exerted by the transmitted pressure, being counter- 
balanced by the pressure produced by a force equal to P. 
applied to each of the pistons, is equal to that pressure. 
Let the bases of each of these pistons be equal to the unit of 
area; then the pressure exerted on a portion of the fluid 
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eqiial to the unit of area "being P, that exerted on a portion 
containing A units will be PA ; for the given surface may be 
replaced by a number of pistons equal to the number of 
units of area which it contains, and the pressure on each of 
these being P, the pressure on the whole area is PA, which 
is proportional to A, In estimating the pressure transmitted 
to the surface of vessels hy the action of forces wTiose mag- 
nitude is known, it is convenient to have some standard to 
which every case may be referred. The pressure exerted on 
a itnit of area is, for obvious reasons, a convenient one, hence 
the pressure at any point is measured by the pressure which 
is or would be exerted on a unit of area situated at that 
point. And the pressure so exerted will be denoted by the 
general symbol (p). From this reference to a unit of area 
the quantity p is termed the unit of pressure. The unit of 
area may be a square inch, or any other convenient measure. 

26. Jllitstrations. The preceding reasonings apply 
equally to all fluids whether compressible or incompressible. 
For the equilibrium being once established, the nature of the 
connexion which exists among the particles is quite immaterial, 
since the whole system may he supposed to become rigid 
(Art. 30). 

Several illustrations of the preceding propositions present 
themselves in machines which are in constant use. If a 
fluid were not equally pressed on all equal portions of the 
containing vessel, the use of safety valves could not be de- 
pended on. For a pressure which would burst a vessel 
might exist in one part without being indicated in every othez 
part. Hence unless the safety valve were placed at this par- 
ticular part, it would afibrd no security against the hursting 
of the vessel, whereas it is known as a fact, ascertained by 
daily experience, that the safety valve may be placed any- 
where. 
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Thus in the Bramah Press* (Chap, xi.), the safety valve 
L may be anywhere between the forcing valve F and the 
working cylinder, that is, at any part of the containing 
vessels which is in free communication with the fluid subject 
to the pressure which may become greater than the strength 
of the materials can bear, since from this property of fluids 
it is certain, that wherever the safety valve is placed> if it 
be not too heavily loaded, the extreme pressure wUl be re- 
lieved by the escape of some of the fluid through the valve 
before the pressure is sufficient to burst the vessel. 

Again, the safety valve of steam-engine boilers may be 
at any part of the surface with which the steam is in contact, 
provided that part be always in free communication witli the 
steam in the boiler; or, as is usually the case, it may be 
at the end of a pipe just above the boiler, since it is certain 
that the elastic force of the steam will exert the same action 
on the valve that it exerts on every portion of the boUer 
equal to the area of the valve. Suppose that a steam 
boiler is constructed to bear a pressure of 20 lbs. on every 
circular inch of its surface (that is, on any portion of its 
surface equal to a circle of an inch in diameter) without any 
danger of bursting. Let a safety valve whose area is one 
inch in diameter be placed at any part of the boiler and 
loaded to 20 lbs., that is, so loaded that it will require an 
upward pressure of 20 lbs. to raise it. Then if the elastic 
force of the steam be such that it will exert a pressure of 

21 lbs., on every circular inch, the valve will open, and the 
steam will escape till its elastic force is diminished by 1 lb. 
on every circular inch, when the valve will immediately close. 

Bellows for blowing furnaces are made of very various 
constructions, and it is perfectly immaterial, so far as the 
magnitude of the blast is^ concerned, in what part of the 

* The student may proceed at once to the Chapter on the Hydro- 
mechanical or Bramah Press, 
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bellows the aperture for the tube, which conducts the air to 
the furnace, is made. 

The preceding furnish good illustrations of the truth of 
the principle of the eqtial trantmiggion of pressure, or of the 
equality of pressure, in those fluids with which we are best 
acquainted; and the same would be found to be true in the 
practical application of other fluids *. 

27* Fkop. Forces havmg any assignable ratio to each 
other may, hy the tramsmission , of pressure in a fluid, he in 
equilibrium. 

If a vessel full of fluid have any number of equal por- 
tions of its surfaces removed and replaced by pistons, and 
a pressure be exerted on the fluid by a force supplied to 
one of these pistons, the equilibrium cannot be preserved 
unless an equal force be applied to all the other pistons 
(Art. 24). Let a force P be so applied, that any one piston 
may be considered as keeping all the rest in equilibrium. 

Let the area of the bases of each of the pistons be 
equal to A, and let the force P applied to the first piston be 
supposed to preserve the equilibrium on a number of pistons 
equal to n. Then since these n pistons may be situated 
anywhere, let them be contiguous to each other, so as to 
make up a portion of the surface of the vessel equal to nA- 

Then the equilibrium subsists on this fluid machine by 
the transmission of the pressure between a force P applied 
to an area A and a force nP applied to an area n^. Let 
n P=Q, and nA=B. 

' This property of the instantaneous transmission of pressure admits of 
various other useful applications, as for instance to the transmission of signals 
and telegraphic purposes. An ingenious application was made some time 
ago by Mr Francis Whishaw, to an Hydraulic Telegraph, in which by 
the rising and falling of a float in two similar cylindrical vessels, containing 
water and connected by a small pipe, a very extensive set of signals might 
be communicated between distant places. 
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Letp be the unit of pressure. Then P=pA, Q=pB ; 

The ratio therefore of the forces Q and P, which are ill 
equilibrium on this fluid machine, depends entirely on the 

ratio j; and by properly assuming this ratio the forces Q. 

and P may have any assignable ratio whatever. The appli- 
cation of this principle in Bramah's Press has led to a machine 
which is practically as well as theoretically one of the most 
perfect and efficient with which we are acquainted. In this' 
press a weight of several thousand tons may be balanced by 
the weight of a single man. 

28. It must be carefully borne in mind, that in the 
preceding articles of this Chapter no reference has been made 
to the weight of the fluid mass, or of its component particles ; 
but the mass of fluid has been treated as a collection of 
particles devoid of weight, and not subject to the universal 
action of gravity. The preceding propositions, consequently, 
will apply equally to the lightest and heaviest fluids, to 
atmospheric air and the permanent gases, as well as to water 
and mercury, to whatever mass has the characteristic quality 
of fluidity. It follows also as a consequence of this mode of 
treating the subject, that a mass of fluid may with propriety 
be considered as a machine for the transmission of pressure 
equally in all directions j and so long as the volume of the 
fluid remains unaltered, that is to say, so long as its com- 
ponent particles are related together by the same system of 
internal forces, the fluid will constitute the same machine, to 
whatever forces or pressures it may be subjected*. Such 

• It will follow also as a consequence of these principles, that the 
equation of virtual velocities which applies to other machines holds in a 
mass of fluid in equilibrium and subject to pressure. See Webster's 
Theora of Fluids, Art. 8. 
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being the law or property of fluids, acted on by external 
forces or subjected to pressure, we shall proceed to consider 
in the next Chapter some of the conse(^uences when thfe only 
impressed force is the force of gravity. 

28«. Armstrong's ffydraulic Cranes. The hydrSihlic 
crane recently introduced by Mr "Wm. Armstrong at the London 
and Liverpool Docks and other places a£Fords an instructive 
illustration of the equal transmission of pressure throughout 
a fluid mass, and of the equality of pressure which exists at 
every part of a fluid contained in any system or series of 
vessels in communication with each other. In cranes for 
raising or lowering large weights, as hogsheads of sugar out of 
or into the hold of a vessel, it is necessary to have the means of 
stopping the motion of the weight raised at any moment ; this 
is done by cutting off the admission, or emission of the fluid 
constituting the machine which connects the power and the 
weight. The power in such cases is the pressure produced by 
the weight of a column of fluid, or by pumping air into a close 
vessel containing a liquid, or by raising a weight by water ; this 
pressure is transmitted through the whole liquid contained in 
the system of pipes, to the pistons whose motion actuates the 
■wheel-work and chains by which the weight is raised or low- 
ered, according to the side of the piston on which the water acts. 

The pressure at the piston and by which the weight is 
raised or lowered, will vary exactly with the pressure at 
the source of power, and when the weight is at rest will be 
the same at each equal portion of surface, as on each square 
inch, at the piston and at the source of power; that is, there 
will be equilibrium throughout the entire system*. 

• See heieaftei in Chapter X. as to Water- Pressure Engines. 



CHAPTER III. 

ON THE EQUILIBRIUM OF FLUIDS SUBJECT 
TO GRAVITY. 



29. In the preceding Chapter the equaibrium of a fluid 
mass considered as a collection of particles devoid of weight, 
but subject to an impressed force, has been treated of. Though 
this imaginary case serves well to exhibit the property of a 
fluid considered as a machine, it does not fully represent 
the cases which occur in nature. But having thus ascer- 
tained the peculiar property of a fluid subject to pressure, 
we may proceed to treat of the laws of the equilibrium 
of a fluid mass, every particle of which is acted on by 
gravity. In this inquiry we shall have to treat of the 
form of surface and the pressure at any point. In the pre- 
ceding case, the form of the surface depended on the con- 
taining vessel, since every particle was equally pressed against 
the sides ; but in the following, the surface is free to assume 
the form which may be due to the impressed forces. 

30. Prop. When a fluid is at rest, any portion of it may 
be conceived to be separated from the surrounding fluid, and 
enclosed in a rigid surface, without altering the forces exerted. 

Since all the particles of the fluid are in equilibrium, 
we may suppose any of them to be rigidly competed, 
and the forces will remain as before; for the dftange 
to rigidity introduces no active force, but only those 
forces which would resist a tendency to change of posi- 
tion, if there were any such tendency; but there is not, 
therefore the forces of rigidity are not called into action. 
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Let the film of particles -which surrounds any portion of 
the fluid become rigid 5 then there is no change in the forces 
exerted, and the pressure of the fluid on each side of the film 
■will be resisted by the rigidity ; and the particles of the fluid 
on the two sides of the film cease to exert forces on one another, 
these forces being supplied by the rigidity. Thus any portion 
may be conceived to be separated from the surrounding fluid, 
and the action of this portion on any particular point may be 
considered independently of the rest of the fluid. 

31. Prop. The pressure at every point of the surface 
of a fluid at rest is the same. 

Let P and Q be any two points in 
the surface of a fluid at rest, then the 
pressure is the same at these points. 
For let any portion of the fluid, as PaQ, 
be conceived to be detached from the rest, and enclosed in a 
rigid tube (Art. 30). Then the pressure at P is accurately 
transmitted along the line of particles PaQ to Q (Art. 23), 
and if it be not counteracted by an equal pressure at this 
point, the equilibrium of the fluid will be disturbed, whjch is 
contrary to the hypothesis. Conversely, when the pressure 
at all points of the surface of a fluid is the same, the fluid is: 
in equilibrium. 

CoK. Hence the pressure on all equal portions of the 
surface of a fluid at rest is the same. 

32. Prop. The surface of a fluid of small extent at 
rest is horizontal. 

This may be shewn to be the necessary consequence of 
the action of gravity on the particles of a fluid mass, and may 
be verified by experiment. 

Gravity at the earth's surface is a uniform force*, that is, 

• Whewell's Elementary Mechanics, sixth edition, Art. 60. » 

W- P. H. 2 
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it produces tlie same effects on every particle of matter at 
the same distance from the centre of the earth. Now for 
portions of the surface of small extent every point at the same 
distance from the centre may be considered to be in the same 
horizontal plane. Hence if the surface of a fluid is horizontal, 
all the particles at its surface are equally acted upon by 
gravity, and the pressure at every point of the surface of the 
fluid is the same. But the pressure at all points of the surface 
of a fluid being the same the fluid is in equilibrium. A small 
extent consequently of the surface of a fluid at rest, and 
subject to gravity, is horizontal. 

Let a variety of vessels of very different forms and 
malgnitude, as for instance, cylindrical or spiral tubes, and 
codical or spherical vessels, stand iiear and communicate with 
each other by means of a tube passing through their lower 
part's and opening into each of them. Now it is a well- 
known fact, that if water or any heavy fluid be poured into 
such a system of vessels, the fluid will stand at the same 
height in all of them, and if a line be drawn touching the 
surface of the fluid in any two of them, the same line will 
touch the surfaces of the fluid in all the rest. This line 
appears to be parallel to the horizon, and all the surfaces 
appear to be in the same horizontal plane. Also if the surface 
of the fluid in a large tub be observed, it will appear to be in 
the same horizontal plane ; and if the preceding remarks be 
correct, it must be so. For any two or more portions of the 
surface may be considered as the surfaces of fluid enclosed in 
tubes (Art. 30), and the surfaces in these tubes being hori- 
zontal, the whole surface is horizontal also. 

Thus the horizontality of the surface of still water of small 
extent may be inferred, and conversely, the horizontality of 
a fluid at rest is the test whereby the horizontality of any 
other surface is determined. 
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"When however the surface is of very small extent 
there are some remarKable exceptions to the preceding 
law, which will be treated of in the Chapter on Capillary 
Attraction. 

33. Prop. The mrfiuie of a fluid at rest is a level 
surface. 

In common language the term level is the same as 
horizontal, and this may be taten as its true meaning, 
when a small extent of surface is spoken of, but it will 
be seen to have a very different meaning when applied to 
the surface of fluids of great extent, as the sea, or large lakes. 

The earth's figure may be considered as spherical, for 
the slight deviation from this form may be disregarded in the 
present, inquify. Now the inequalities on the surface of the 
terrestrial part of the earth, insignificant though they be whea 
compared with the whole mass of the earth, do not exist 
at aU on the surface of still water, as on the surface of a calm 
sea. But it is known by observation that the surface of the 
sea is uniformly curved, and would, if continued unimterrup- 
tedly in every direction, present a spherical surface. This 
is the observed fact, and the same conclusion may be arrived 
at in the following manner. 

Gravity at the earth's surface is a uniform force, and acts 
in a direction perpendicular to that surface, that is, in the 
direction of the plumb-line. It acts equally on all bodies 
at equal distances from the centre of the earth, and unequally, 
on bodies at different distances, exerting a greater action on 
those at a less distance than on those at a greater. Hence if 
the surface of still water have all its points at the same 
distance from the centre of the earth, every particle at its 
surface is equally acted on by gravity. But if any two 
points on its surface be at different distances from the centre, 
the particles at the points will be acted on unequally, and 
the pressure at different points of the surface being unequal, 

2—2 



28 THE EQUILIBRIUM OF FLUIDS 

the fluid will not be at rest (Art. 31). Hence it is evident, 
that under the action of a force, such as gravity is known to 
be, a fluid mass must settle down into a spherical form, and 
the fluid will not be at rest unless it is in this form ; and this 
agrees, as was just stated, with the observed fact. This 
spherical surface is called a level surface ; and if the whole 
globe were covered with water, there would have been but one 
surface, and therefore but one level. But the fact is, that 
there are many different surfaces, and though theory shews 
that they all ought to be, and observation shews that they all 
are, spherical surfaces, they have not the same radius, but are 
at very different distances from the centre. This is expressed 
by saying that they are all level surfaces, but not all on the 
same level ; and one level is said to be above or below another 
level, according as it is at a greater or a less distance from 
the centre of the earth. 

From the preceding it appears that a level surface may 
be defined as the surface which a fluid, as water, assumes when 
acted on by gravity* 

CoR. The pressure must be the same at every point of 
each of these levels ; for every point is similarly situated with 
respect to gravity. The preceding may be expressed by 
saying, that all levels are surfaces of equal pressure and 
consequently of equal density. 

34. Prop. Fluids rise to the same level throughout a 
system of communicating vessels. 

Since the surface of a fluid at rest is a level surface, 
it follows that a fluid in a system of vessels in free com- 

* The general proposition respecting the direction of the forces acting 
on the surface of a fluid in equilibrium and the form of the surface, is that 
the resultant of all the forces acting at any one point will be perpendicular 
to the surface at that point. (Theory of Fluids, Art. Ifi.) Thus in the 
case of the figure of the earth, which is more curved at the equator than at 
the poles, owing to the rotation of the earth about its axis, the centrifugal 
force at the equator is combined with gravity, and it is the resultant of 
these forces to which the surface is perpendicular. 
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miinication with each Other cannot be at rest unless the 
surface of the fluid in these diiFerent vessels is on the same 
level. Hence when water is supplied to any part of such 
a system of vessels, it will immediately rise in some and sink 
in bthers until this level is obtained^ when all motion will 
cease, and the fluid will be at rest. When the vessels are 
situated near each other, we have seen (Art. 32) that the 
surface in all of them is horizontal, for then the horizontal 
and level surface may be considered as coincident ; and when 
the vessels are at great distances, as many miles apart^ the 
surfaces will be on the same level. 

35. Supply of towns with water, the practical appli- 
cation of the preceding proposition is exhibited in the methods 
adopted for the supply of towns with water. The ancient 
method of supplying towns with water was by means of 
aqueducts. These stupendous and costly constructions could 
scarce have been rendered necessary from ignorance of the 
principle that fluids rise to a common level, but probably 
from the practical difficulty of making pipes water-tight at 
the joint ; they served moreover the purposes of architectural 
embellishment. 

But aqueducts, for the purpose of supplying towns -tvith 
water, are now almost entirely superseded by long pipes 
laid under ground and above ground, turned and twisted in 
any direction to suit the locality of the places to be supplied 
with water. For this purpose a reservoir is selected in 
some situation more elevated than the places to which the 
water is to be supplied. This reservoir is fed from natural 
sources, as surface drainage springs, and rivers, or water is 
raised up into it by suitable apparatus. Pipes are conveyed 
from it in the required directions, and the water may be 
"laid on," that is, supplied at the tops of houses at any 
distance, provided the tops of the houses be not above the 
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leyel of the water in the reservoir. The determination of the 
points at which the water can be supplied, that is, of the 
points on the same level with the water in the reservoir, is 
treated of in the following articles. 

The New River Water "Works, which supply part of 
London with water, present an exemplification both of the 
ancient and modern methods. The water is conveyed for 
many miles in an artificial channel or cut, and by aqueducts 
across the valleys, from Ware to the open reservoir at the 
New Eiver Head at Islington. This reservoir is sufficiently 
elevated to supply the lower parts of the district with water. 
To supply the rest, water is raised by a powerful Steam 
Engine to a more elevated reservoir situated on Pentonville 
Hill; and the elevation of this point is sufficient to supply 
nearly all the rest of the district. The other places which are 
above the level of the water in this reservoir, are supplied by 
means of a forcing pump and air vessel, the construction and 
working of which will be explained in a subsequent Chapter. 

36. The Level. It has been seen (Art. SS) that a 
level surface is one every point of which may be considered 
as situated at the same distance from the centre of the earth. 
And the operation of levelling consists in determining the 
relation between the levels in which difierent objects are 
situated ; and this may be determined by instruments whose 
construction depends on the property that the surface of a 
small extent of fluid when at rest is horizontal (Art. 32). An 
instrument for this purpose is termed a Level. 

A Level in its simplest form consists of a tube with 
its two ends turned np and open, 
and nearly filled with water. " ' ' 
Upon the surfaces of the fluid in 
these two ends are two floats A 
and 5, carrying uprights with 
sights C, />, at equal distances 
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above the floats. These sights may be small pieces of wood 
or squares with .cross wires intersecting at right angles at 
the centre of the square. Now if when this instrument is 
placed on any surface, or held in the hand, the sight at C 
covers the sight at D, the points C and D are in the same 
horizontal line. For the floats at A and B are horizontal 
(Art. S^), and the line joining C and D is parallel to the 
line joining these, since the distance CA equals the distance 
DB, and therefore C and D are in the same horizontal line. 
And if the sights cover any third point, these three points are 
in the same horizontal line. It is specially to be observed, 
with respect to this instrument, that the position in which 
it is hdd is immaterial, since the floats must be horizontal 
when the fluid is at rest. 

37. The /Spirit Level. The common Level has some 
practical disadvantages, and the instrument generally used is 
termed the Spirit Level, because alcohol, which does not 
readily freeze, is the fluid used. A glass tube having its 
lower surface plane and its upper slightly convex, is nearly 
filled with the flnid, 3,nd, a small air bubble being left in, 
hermetically sealed. 

Now air being a lighter fluid than the spirits of wine, 
the air bubble will always occupy the highest part of the 
tube. Consequently when the lower surface of the tube is 
horizontal, the surface of the fluid will be parallel to it, and 
the air bubble will occupy what is then the highest part 
of the level, that is, it will be just under the middle part 
of the convex surface. Again, if the surface on which it 
is laid, or the position in which it is held, incline in any 
direction to the horizontal, the surface of the fluid is not 
parallel to it, and the air bubble will move towards the higher 
end. 

Thus the position of the air bubble, with reference to 
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the middle of the upper surface of the tube, may deter- 
mine the actual position of any surface with respect to the 
horizontal. 

For the practical purposes of levelling, a telescope A is 
attached to the level 5C having 
its axis parallel to the lower 
surface of the tube. So that 
when the level is horizontal, all 
the points seen through the 

telescope are in the same horizontal line, and the air bubble D 
is under the middle of the upper surface. 

38. The Depression. Let the Level with the attached 
telescope be fixed in a horizontal position at any 
point A, on the surface of the earth. Then all 
the points seen through the telescope will be in 
the horizontal line AB. But the point which is 
required to be determined is some point B, at a 
given distance AB from A, on the same level 
as A, 

Let C be the centre of the earth, then joining 
CB and producing it to Z), the point B, which 
is required, is below the horizontal line AD by 
the distance DB. 

This distance DB is termed the depression, and may be 
calculated as follows*. 



* Or by Trigonometry as follows: let 9 be the angle ACB; then 
\=rd, and the depression being the difiference between the secant and 

radius, we have the depiessiou =r(sece-l) = r ( s-l I . But — — : 

1 6= \ 

_ , =l + "5' neaily (when 6 = - is small), and the deprea- 

^' • u 

Sion = — , as in the text. 
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Let \ he the distance AB in miles, and x the depression, 
and r the radius of the earth ; then 

CD' = CA- + AD' or {r + xy = r' + AD\ 

whence 2rj: + x' = AD' or x + -—=' . 

2r 2r 

Now for ordinary distances, as a few miles on the earth's 
surface, the term — may he omitted, and AB assumed equal 
to AB without appreciable error; 

.'. the depression = -pr— . 

In this equation r may be assumed equal to 3,900 miles, 
and A will be known, either from actual admeasurement, or 
having been determined by requisite observations. 

To render the preceding formula for the depression useful, 

an approximate numerical value must be obtained. For this 

purpose multiply the right-hand side by the number of feet 

in a mile ; 

X' 

.*. the depression in feet = —- x 5280 

^ 2 X 3900 

Hence if the point D be known by a staff being set up, 
or if advantage be taken of a church steeple, or any other con- 
venient object, the point B on the same level with A will be 
situated below Z> by a distance very nearly equal to f \\ 

The value of the depression may also be expressed in 
inches. For this purpose, multiply the right-hand side by 
the number of inches in a foot ; 

.'. the depression in inches = |x' x 12 = 8 A'. 

It must be remembered that \ is the distance expressed in 
miles. 

2—5 
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When the objects are several miles apart, the preceding 
formula must be corrected for the atmospheric refraction. 
The effect of the refraction is to render an object viewed from 
a distance apparently more elevated than it really is ; hence 
the preceding value of the depression is too large by about 
one-tenth. The more accurate value of the depression cor- 
rected for the refraction is f A' ; but the amount of terrestrial 
refraction is so variable, depending as it does upon the 
temperature and density of the air at the place of observation, 
that the above formula gives approximate results only, not 
differing however in general so much as a tenth from the 
true value of the quantities to be determined. 

39. Examples. The following examples will shew the 
use which may be made of the formula of the preceding 
article for the approximate solution of practical questions. 

Ex. 1. How far can a person six feet high see on a level 
plain ? 

Then6 = |x'; .-. x" = 9, or \ = 3. 

He can see, therefore, three miles all around him. 

Ex. 2. A light of known elevation on a cliff is just 
visible from the mast-head of a vessel. Required the distance 
of the vessel from the cliff. 

Let the light be 100, and the mast-head 70 feet above 
the level of the sea. Then there will be a point on the 
surface of the sea between the cliff and the vessel, which 
point is on the horizontal line between the light and the 
mast-head, and the distance of the vessel from the cliff 
may be taken to be the sum of the distance of the cliff 
from that intermediate point, and of the distance of that 
intermediate point from the vessel. Hence, applying the 
formula just obtained, we have 
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The distance = a/|'< ^^^ + aJI ^ 70 

= 12 + 10, or 22 nearly. 

The vessel is therefore not less than 22 miles distant from 
the diff. 

40. Levelling. The operation of Levelling consists in 
finding a series of points on the same level, and in de- 
termining the heights and depths of places with respect to each 
other, or some standard level, as the mean level of the sea. 
"VVe have seen, in the two preceding articles, the application 
which may be made of the formula in important practical 
questions; and in maMng canals, roads and railways, the 
skill of the engineer is shewn in selecting that line of country 
which is as much as possible on a natural level. 

Thus in conducting a canal across a country, the points 
in the same level must be determined, so that if it be pos- 
sible no locks may be required, but the water may rest 
running neither way. 

It will often happen that a canal, road or drain, is to 
cross a deep valley, and the points on the opposite sides 
of this valley which are on the same level must be accu- 
rately determined. This may be done approximately by 
the preceding proposition, for the point in the same horizontal 
line on -the opposite side of the valley will be determined by 
setting the level horizontally, and looking through the telescope, 
and the distance of the point on the same level below it 
will be given by the value of the depression just obtained. 
But this method of determining the required point is not, 
for the reasons already mentioned (Art. 38), sufficiently 
accurate, and recourse must be had to other observations. 

The places to which water can be supplied in towns 
(Art. 35), will be determined in the same way. In practice, 
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however, it is most frequently required to conduct a canal 
or drain from one point to another point. Here the extreme 
points are given, and it is required to find a number of 
intermediate points on levels neither above the level of the 
higher, nor below the level of the lower point ; the magnitude 
of the depression, or, the quantity of fall between these two 
points is readily determined, by setting the level at the 
two extremities, and observing how much one extremity 
is above one or more intermediate points, and how much the 
other is below it. Hence, knowing the whole fall and the 
whole distance, the quantity of fall for any portion of that 
distance is determined by a simple proportion*. 

• The reader is referred to the Treatise on Mathematical Instru- 
ments, by r. W. Simms, to Bourn's Principles and Practice of Sur- 
veying, to Bruff's Engineering Field Work, to F. W. Simms' Treatise 
on Levelling, (4th ed. Weale), and to Baker on Land and Engineering 
Surveying, ( Weale's series of works), for information on Levelling as 
practically performed. 



CHAPTER IV. 

ON THE PRESSURE OF A FLUID SUBJEOT TO 
GRAVITY. 



41. In treating of the equilibrium of a fluid subject 
to pressure (Chap, ii.), and supposed devoid of weight, it 
appeared to be a necessary consequence of the application 
of pressure to a fluid mass, that the pressure would be the 
same at every point throughout the fluid mass, and on 
every equal portion of the containing vessel. But the pres- 
sure which results from the impressed force of gravity varies 
in magnitude according to the position of the point in the 
containing vessel. 

In the preceding Chapter (Art. 31) the condition for 
the equilibrium was seen to be, that the pressure should be 
the same at every point of the surface. "We have now to 
investigate the amount of pressure at any point in the ia- 
terior. 

42. Prop. The pressure at any point is proportional 
to the depth of the point below the surface of the fluid. 

(1) Let the point P be situated directly below the 
surface of the fluid. Now since every 
part of the fluid is at rest, the par- 
ticles in the line PN drawn perpen- 
dicular to the surface of the fluid 
may be conceived to be separated from 
the surrounding fluid, and enclosed in 
a rigid surface by a film of the sur- 
rounding fluid becoming rigid (Art. 30). Now every par- 
ticle of the fluid in PN has weight (Art. 8), and the weight 
of each particle is transmitted along the line NP to the 




38 



TUE PRESSUIIE OF FLUIDS 



point P (Art. 23), so that the pressure at this point is the 
aggregate weight of the particles in this line. Hence the 
pressure at P is proportional to the numher of particles in 
P^, that is, to the depth of the point below the surface 
of the fluid. 

(2) Let the point P be situated not directly below 
tlie surface of the fluid. Let PQ be drawn 
parallel, and QM perpendicular to the sur- 
face of the fluid; and let the particles in 
these lines be separated from the surrounding 
fluid by a rigid surface. Then the pressure 
is the same at all points along the line PQ (Cor. Art, 33), 
and the pressure at P is equal to the pressure transmitted 
along the line PQ from Q, which by the first case is pro- 
portional to the depth of Q ; and PN= QM. Therefore the 
pressure at P is proportional to the depth of that point 
below the surface of the fluid. 

43. Prop. To find tJie pressure on a portion of a plane 
immersed in afiuid. 

(1) Let the plane be parallel to the surface of the fluid, 
and let the portion of it the pressure on 
which is required be equal to the unit 
of area. 

Let PQ be this portion at the depth 
PN. Now the column whose base is 
PQ may be conceived to be separated from the surrounding 
fluid, and enclosed in a tube. Then the pressure on PQ 
is entirely independent of the rest of the fluidj and is equal 
to the weight of the column. 

The weight of any column is the aggregate weight of 
the particles composing it. And the weight of each unit 
of bulk being represented by gp (Art. 13), and z being 
the depth of the plane, that is, the number of units of height 
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in the line PN, the weight of the whole column is gps. 
Hence (Art. 25) p = gpz. 

(2) Let the plane be inclined to the surfa.ce of the fluid, 
and let PQ equal to the unit of area 
be the portion on which the pressure 
is required. 

Let z be the depth of the middle 
point O of this plane, and s„ z', the 
depths of the extremities P and Q. Now since the pressure 
is proportional to the depth (Art, 42), the pressure on PQ 
is evidently greater than the pressure on an equal area 
passing parallel to the surface of the fluid through P, that is, 
at the uniform depth s„ and less than the pressure on an 
equal area through Q, at the uniform depth s'. Hence by 
the preceding case 

p is greater than gpz, 
aud ... less ... gp^i'- 

Let z = z— A; .•. a'=s + A; 

.-. p is:' gps -gpk, 

and this is true whatever be the value of h^ Consequently 

P=gpz. 
For if not, it must be greater or less than it. Let it be 
greater than it, and suppose that p= gpz + a. Then 
gpz + a<gpz + gph; 
.:a<:gpk, 
which is impossible, since h may have any value whatever, 
and differ consequently from zero by a quantity less than 
any which can be assigned. 

Next, let it be less than it, and suppose tha,t p= gpz -a, 

.•.gpz-a>gpz-gph, 
a<gpk; 

which is as before impossible. Hence 
p-^gpz. 
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Cor. Hence if any portion of a surface be represented 
by A, where A is eitli. r the number of units of area con- 
tained in the given surface, or that portion of the unit of area 
which the given surface is, the pressure on that surface if at 
the deTpth g is pA =ffpzA. In the preceding reasoning the 
quantity p which expresses the density is supposed to be 
invariable, which will practically be the case for small 
columns of the inelastic fluids (Art. 19). 

In general the pressure of the atmosphere on the portion 
of the surface of the fluid, which is equal to the unit of the 
areaj must be added to the weight of the fluid column for the 
true value of jb. 

44. Prop. To find the pressure of a fluid on any surface 
immersed in it, or on the surface of the containing vessel. 

Let the surface, whether plane or not, be divided into 
small portions, each of which may be considered plane. 

Let S be the whole surface ; k, ¥, k", &c. the portions 
into which it is divided, and z, xf, z", &c. their mean 
depths. Then the pressure of the fluid on these is gpzk, 
gpz'k', gpz''i:", . . . (Cor. Art. 43) respectively ; therefore the 
pressure on the surface 

= gpzk + gpz'k'+ gpz"k"+ &c. 

Let Z be the depth of the centre of gravity of the whole 
surface below the surface of the fluid ; then (since the mean 
depths of the small portions into which the surface is divided 
are the depths of the centres of gravity of these portions) 
by the property of the centre of gravity*, 

gpzk +gpz'k'+ gps"k"+ ...= gpS. Z. 
But gpZS is the weight of a column of fluid whose height 
is Z, and base S. Whence it appears that the pressure of 

• The property of the centre of gravity here alluded to is, " That the 
eiFect of any system to produce equilibrium is the same as if it were 
collected at its centre of gravity." See Whewell's Elementary Mecha- 
nics, sixth edition, Art. 43. Potter's Mechanics, Chap. v. 
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a fluid on any mrface is the weiffht of a column bf the 
fluid whose lose is gual to the area of the surface pressed^ 
and whose height is equal to the depth of the centre of 
gravity of the surface below the surface of the fluid. 

45. Pressure on the bottoms of vessels. If the sides of 
a vessel be vertical, and its base parallel to the surface of 





the fluid, the pressure of the fluid on its base is the whole 
weight of the fluid contained (Art. 44). But if the sides 
of the vessel be inclined, as represented in the figure, the 
pressure on the base is in one case greater, and in the other 
less than the weight of the fluid contained. For the pressure 
on the base AB is the weight of the column AabB, and the 
pressure on CD is the weight of the column GcdD, the former 
of which is greater, and the latter less than the weight of the 
fluid contained ; these being the columns whose bases are the 
surfaces pressed, and heights the depths of their centres of 
gravity (Art. 44). If the vessel be narrower at the top than 
at the bottom, and therefore the pressure on the base AB he 
greater than the weight of the fluid, the additional pressure 
arises from the re-action of the sides. And if water be poured 
into a hollow cone resting on a horizontal plane, the water 
will raise the cone unless the cone be very heavy. If the 
vessel be wider at the top than at the bottom, the remaining 
weight is sustained by the sides. 

A distinction must be made between the pressure which 
the base AB sustains from the fluid alone, and that which 
it sustains in supporting the vessel and the fluid contained. 
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For if the bottom were detached from the vessel, the only 
force requisite to keep the bottom close to the sides, and to 
prevent the escape of the fluid, is a pressure upwards equal 
to the weight of the column of the fluid. Whereas the 
pressure requisite to support \he vessel, is the weight of the 
vessel and of the fluid contained. And when the vessel is 
narrowest at its base, it requires more force to support the 
vessel than to keep the b£!,se from falling, and when widest 
(cceteris paribus) it requires less. 

46. Illustrations. The conclusions arrived at in the 
preceding articles may be illustrated by experiment in the 
following manner. Let four vessels, as represented, have the 





apertures at their bottoms all of the same area and closed by 
plates AB, CD, EF, and GH of equal weight. Let these 
plates be kept in thrar places by the tension of strings acted 
on by equal weights, the weight attached to the strings will 
serve as the measure of the pressure of the water on the plates 
or bases of the vessels respectively. If water be poured into 
the vessels, the plates closing the orifices at the bottom will 
descend and allow the water to escape when the pressure on 
the plate becomes greatesr than the weight attached to the 
string, and it will be found that when ihs plates descend, the 
water will be at the same height in all the vessels. The same 
result would follow, whatever the shape of the vessels, and 
although one may hold many hundred times the contents 
of the other. 
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47. Pressure on the sides of vessels. The preceding 
proposition (Art. 44) also enables us to determine the pres- 
sure against the side of a ■vessel, in all cases in whieh the 
depth of the centre of gravity of that side, or of the por- 
tion in contact with the fluid below the surface, is known. 
The determination of this point for vessels having plane 
sides and of a rectangular or triangular form, or in conical 
and cylindiieal vessels, presents few difficulties, but in most 
other cases recourse must be had to the assistance of 
analysis*. 

Ex. The pressure against the side of a cubical vessel 
full of water is half the weight of the fluid. For the 
pressure on the bottom is gpSx, or the whole weight of 

the fluid, and on a side is ffpS.— = ^ffpsS= ^ the weight of 
the fluid. 

48. Centre of pressure. The amount of the pressure on 
the bottom or sides of vessels containing or in contact with a 
fluid, or on a plane immersed in a fluid, and the formula 
for its determination, have been treated of in the preceding 
articles. 

The amount of that pressure having been determined, the 
question arises, whether that pressure can be represented or 
counterbalanced by a single contravalent force, and if so, at 
what point such single force should be applied. The point in 
any surface at which a single force must be applied, so as to 
keep in equilibrium or counterbalance the fluid pressure to 
which the surface is subject, is called the centre of pressure 
of the surface. 

If the bottom of the vessel containing the fluid or the 
plane immersed in the fluid be horizontal, the pressure on 
every point is the same ; and the fluid pressures or the forces 
being parallel, the resultant of these forces will pass through 

• See Theory of Fluids, Art. 46. 
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the centre of gravity of the bottom or the plane, and a single 
force applied at that point will sustain or counterbalance the 
pressures to ■which the bottoni or plane is subject. In this 
tiase then the centre of pressure coincides with the centre 
•of gravity. 

But if the bottom of the vessel or the plane immersed 
be not horizontal or parallel to the surface of the fluid, but 
inclined to it, or if as in the case of the side of the vessel the 
pressures though parallel to each Other are not all equal, being 
proportional to the depth of the point below the surface of 
the fluid (Art. 4.2), the resultant of these pressures will not 
pass through the centre of gravity, but through a point below 
it, and the point at which the single contravalent force is to 
be applied to counterbalance the fluid pressures is below the 
centre of gravity of the inclined surface or plane or side of the 



If the bottom, side, or part, of the containing vessel be 
supposed moveable, it will be kept at rest by a single force or 
pressure, equal to the sum of the fluid pressure s to which the 
bottom, side, or part, of the containing vessel is subject, and 
applied in the opposite direction to those pressures. 

The position of the centre of pressure of any surface may 
be readily derived from the principles of statical equilibrium 
and the pressure of fluids ; but as the formulee requisite for the 
determination of this point in all cases require some know- 
ledge of the differential and integral calculus, we shall confine 
ourselves, in the present treatise, to ] ointing out the position 
of this point as determined by analysis, in some of the cases 
which ordinarily occur ifi practice*. 

49. Illustrations. It appears from the formulae referred 
to in the last article, that the centre of pressure of any four- 

• See Webster's Theory of Fluids, Art. 49, for the general formula for 
determining the centre of pressure. 
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sided rectangular figure placed yertically is at the depth of 
two-thirds of the height of the figure below the surface of 
the fluid, the upper edge of the figure coinciding with the 
surface of the fluid. Hence if a rectangular flood-gate turn 
about a horizontal axis, and be acted on by a force, as the 
tension of a chain sustaining a weight, applied at a point in 
the gate, one-third of the proper depth of the fluid from the 
bottom of the gate, the gate may be kept closed; but if the 
pressure against the gate be increased, as by the water rising 
higher than its proper level, the gate will open and allow the 
water to escape, and close again when the water has subsided 
to its proper level. 

The staves of a barrel containing liquid may be kept 
in their places by a single hoop placed at a distance of two- 
thirds from the top of the barrel, or one-third from the bottom, 
the barrel standing on one end. For each of the staves would 
be kept at rest by a single force applied at a point one-third 
from its bottom, that being the position of the centre of 
pressure, and a hoop placed at this point will produce the 
same eflect. 

An accurate knowledge of the position of the centre of 
pressure is of the greatest importance in the construction 
of all works which will have to sustain the pressure of water, 
as embankments, reservoirs, flood-gates, and tanks, so as to 
ensure the proper disposition of materials, and sufficient 
strength in the parts where the pressures may be securely 
counterbalanced. 

50. Prop. At a great depth below the surface of the 
fluid the centre of pressure coincides with the centre of 
gramity. 

It will be seen on examining the formulse for determin- 
ing the centre of pressure, and the centre of gravity of a 
surface, that when the surface is sunk to a great depth, the 



46 THE PRESSUKE OP FLUIDS 

formulae are the same; tlms shewing that in this extreme 
case the two centres coincide with each other*. The reason 
of this will be obvious, the fluid pressures at different points 
are parallel to each other and to the direction of the force 
of gravity; but the pressures at any two points differ from 
each other in proportion to the difference of the depths of the 
two points below the surface; when this depth is consider- 
able, the differences between the depths of the several points 
of the same plane are inconsiderable, as compared with the 
whole depth, and consequently the differences may be dis- 
regarded, or the pressures may be considered equal as well as 
parallel, the resultant therefore of those pressures will pass 
through the centre of gravity. 

The flying of a kite affords a good illustration of the above 
proposition; for the kite is sustained by a single force, the 
tension of the string, the pressure of the air being counter- 
balanced thereby ; now the air is a fluid of great depth, and 
it will be found that the proper point for attaching the string 
is at the centre of gravity of the kite. 

Upon the same principles it will follow, that in the case 
of a vessel containing an elastic fluid, the weight of which 
is inconsiderable, the centres of pressure of the sides will 
coincide with their centres of gravity. 

.51. Prop. The resultant of the fluid 'pressures acting at 
any paint on the surface is perpendicular to tJie surface at 
that point. 

The amount of the pressure of a fluid on any surface, 
as the side of a containing vessel, has been treated of in the 
preceding articles, and it appears that the whole pressure may 
be counterbalanced by a single force acting at one point. 

Now if the fluid pressures may be counterbalanced or 
retained by a single force, the resultant of those pressures, as 

• Theory of Fluids, Art. 59. 
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well as the single contravalent force, must act opposite to each 
other, and in a direction perpendicular to the surface at the 
point of their application. This conclusion, which may be 
strictly derived from the principles of statical equilibrium *, 
will be evident from the following considerations. A fluid 
has been defined to be a collection of particles capable of 
acting on and moving amongst each other in every direction, 
without an appreciable amount of friction (Art. 4). Now it 
is involved in our conception of the absence of friction, that 
the direction of the force should be perpendicular to the 
surface at the point of action, and consequently that the 
action of fluid pressures at any point of a surface is perpen- 
dicular to the surface at that point. 

52. Prop. The horizontal pressures of a fluid on the 
sides of a containing vessei are in equilibrium with each 
other. 

The resultant of the fluid pressures at any point of a 
containing surface being perpendicular to the surface at that 
point, it will follow from the principles of statical equilibrium, 
that the horizontal pressures of the fluid are in equilibrium 
with or counterbalance each other t. 

Let a tall vessel with a small base AB, and inclined 
sides AC and BD, be filled with 

water to the level CD. Then the *\ /n 

\ ' 

pressures on the sides AC and BD \ / 

maybe represented by the forces P \^ '\^/ 

and Q, acting perpendicularly to the \ / 

sides at their respective centres of \ / 

pressure. Now there is no tendency »" b 

in a vessel so filled to overturn or 

move laterally; but if the resistance of one of the sides be 

• See r/i«ory of Fluids, Art. 16. f lb. Art. 55. 
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destroyed, as by the removal of a portion of the surface, as 
opening a hole, the vessel will overturn. 

An application of this principle will be seen hereafter in 
Barker's Mill, and it has been proposed by Bernouilli and 
others to impel vessels forward by re-action, water being 
allowed to flow out at the stem. The same principle is ex- 
hibited in the machines which derive their motion from the 
action of steam issuing out of an arm, and in the force by 
which a rocket is impelled forward. 

53. Hydrostatic Bellows. Two pieces of board are 
imited together by leather or any flexible 
substance which is water-proof, so as to 
form what is termed a pair of bellows. 
A small vertical tube communicates with 
the interior of the bellows ; and if water 
be poured into the bellows down this 
small tube it will enter and raise the 
upper board, even if it is loaded with a 
heavy weight, as represented in the figure. 
And the upper board will continue to rise 
until either the bellows or tube is full. 
When an equilibrium exists between the water in the tube 
and bellows, let the water in the tube stand at a height 
PQ above the surface of the water in the bellows. Then 
PQ is the column of fluid which supports the whole weight 
raised ; f ,r the fluid in QA is in equilibrium with the fluid in 
the bellows, and therefore the pressure at the surface of the. 
fluid in the bellows is in equilibrium with PQ. 

Let W be the whole weight raised ; namely, the weight 
of the upper board, of the leather, and of the load. 

Let K be the area of the upper board, and ^ of a section 
of the small tube. 

The pressure exerted on the surface of the fluid at Q, by 
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he superincumbent column PQ, is transmitted to every 
equal portion of the surface of the upper board (Art. 23). 

The upward pressure on the upper board is pK, if p be 
the unit of pressure, that is, the pressure on a unit of surface 
which is transmitted from the surface at Q. And this is the 
pressure which sustains the weight raised, or W; 

But the whole pressure at Q=pk; 

,: W : pressure at Q :: pK : pk 
:: K: k; 

.'. the weight raised = -r • (pressure at Q) 

= -T . (weight of the column PQ). 

Hence the weight which can be raised will be increased, 
by the increase of the area of the upper board, by the 
diminution of the section of the tube, and by increasing the 
pressure of the small column, that is, by increasing the 
altitude of the tube. 

Now theoretically the ratio -r- may become infinite, and 

the altitude of the tube may also be increased indefinitely; 
hence it is evident that any quantity of fluid however small 
may be so employed as to sustain any weight however 
large. 

This last conclusion is in substance the same as the 
proposition already (Art. 27) established, that forces having 
any assignable ratio to each other may, by the transmission 
of pTessure in a fluid, be in equilibrium ; for the pressure at 
Q in the small tube or tube of section k is in equilibrium 
with the pressure resulting from the larger weight on the 
- board of an area K. 

■w. p. H. 3 
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54 Illustrations. The conclusions arrived at in the 
preceding articles may be readily verified and illustrated. 
For instance, if a smaU pipe be inserted into a barrel 
containing water or other liquid, and water or other liquid 
be poured into the pipe, the barrel may easily be burst ; the 
length of pipe and height to which it must be filled will 
depend on the strength of the barrel. If a heavier liquid, 
as mercury, be used to produce the pressure on the surface 
of the liquid in the barrel, a column of about one thirteenth 
the height of the column required, if water be used, would 
he sufficient. And the same eflfects may readily be produced 
by a pressure exerted on the water in the tube by a piston 
or otherwise. 

It is highly probable that many of the phenomena of 
dislocation of large masses of earth and of other convulsions 
of nature are due solely to the pressure of water. For 
suppose water to collect for a considerable extent underneath 
a water-tight stratum, or in some large cavern in the interior 
of a mountain, and that this water is subject to the pressure 
of a column of several hundred feet in height ; the pressure 
underneath the water-tight stratum or in the interior of the 
mountain may thus become greater than the materials can 
bear, and a violent disruption may suddenly take place. 

The same powerful effect may be produced by the 
transmitted pressure of elastic fluids ; thus if a person 
were to stand on the large board of the hydrostatic bellows 
he might raise himself by blowing with his mouth down 
a small tube of caoutchouc or other air-tight substance. 
In such a case the transmitted pressure would be determined 
by the power of the lungs of the operator, and not by the 
height of the column in the small tube. 

55. ffi/drostatio Paradox. The conclusions contained 
in the preceding articles, though the necessary conse- 
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quences of the characteristic of a fluid, namely, the equal 
transmission of pressure in all directions, may be expressed 
in language apparently so contrary to our natural conceptions 
as to appear paradoxical; and the above truths have 
been presented in such a form as to acquire the designation 
of the hydroifatic paradox; but when the sense in which 
the terms are used is understood, the proposition thereby 
enunciated is most intelligible and almost self-evident. 
The truth called the hydrostatic paradox has frequently 
been propounded in the following terms : " That the pressure 
on the bottom of vessels containing fluid does not depend 
upon the quantity of fluid." Now this proposition is not 
to be taken literally in the strictest sense of the terms, but 
in a technical and conventional sense, and it may be explained 
as follows: To increase the pressure on the bottoms of 
vessels it is not necessary to increase the quantity of the 
fluid, but only the altitude of the column or the form of 
the containing vessel; thus the pressure on the bottom depends 
on the manner in which the fluid is disposed, rather than 
on the quantity. If a given quantity of water be spread 
in a thin sheet over a large surface, the pressure at any one 
point of that surface will be insignificant; but if any 
almost inconceivably small quantity of that water form a 
column in a tube so as to communicate its pressure to 
the thin sheet so spread over the large surface, the pressure 
at any and every point of that surface may be considerable, 
and the same as if the whole vessel were filled to the same 
height as the small tube. 

Another form in which the hydrostatic paradox may 
be stated is, that any quantity of fluid however small may 
be so employed as to sustain any weight however large 
(Art. 53), or that any force however small may, by the 
transmission of pressure in a fluid, be in equilibrium 
(Art. 27) with or balance any other pressure however 

3—2 
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■great. Both these propositions are but enunciations of the 
same truth or law of fluids, which has already been derived 
from or shewn to be the consequence of the fundamental 
and characteristic property of the transmission of pressure. 

56. Artesian Wells. The principles and laws of fluids 
which have been treated of in the preceding chapters, may 
be illustrated by, and aflbrd an explanation of, several 
natural phenomena, particularly those of artesian wells, and 
natural springs and fountains. In sinking wells, or boring 
for water, it frequently happens that the water will sud- 
denly break out and spout above the surface of the ground, 
and continue to play as a natural fountain. The crust of 
the earth through which the sinking of the well or boring 
takes place consists of strata of diflerent materials, thickness, 
and inclinations, some of which are pervious and others 
impervious to water. 




Let the accompanying figure represent the disposition 
of the strata of which ABGia a bed of sand or other ma- 
terials readily pervious to and full of water, and BBH a 
bed or stratum of clay or stone impervious to water, and 
suppose above this impervious bed various soils more or 
less pervious to water. Let HB represent a well that is 
sunk or a boring; then inasmuch as water will rise to its 
level (Art. 34), and at B there will be a pressure upwar4s 
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dae to the height of the water in AB, the water will rise 
in a pipe to the height Bff, or spout out at ff, and continue 
to play as a natural fountain, the height of which will 
depend on the pressure at ff or the level of the water 
in A. In practice the water will not rise quite to ^, the 
level of the water in the bed AB, owing to the resistance' 
opposed by the sand to the nlotion of the water. The same 
pressure which exists at B will exist at other points on the 
same level, and give rise to natural springs at a, b, c, as. 
shewn by the dotted lines. The height to which the water 
will spout above B will be a measure of the pressure at that 
point*. 

57. Various other phenomena connected with the supply 
of water at the surface of the earth, and the flow of rivers,, 
may be fully explained in a similar manner to the preceding. 
For instance, it not unfrequently happens that the height" 
to which the water rises in natural springs becomes suddenlyt 
diminished, or they fall off altogether or vary much at; 
different periods of the year, and in different years; all 
which fluctuations result from an alteration in the pressure 
at B, the outlet for the spring from the underground reservoir 
or river, or sheet of water. This alteration may be occasioned 
by other Wells or borings having been made to tap the 
same water, or from a diminished fall of rain, the source of 
all springs, or from some well or boring into the stratum 
ABC having been sunk through the water-tight stratum 
into another pervious bed beneath and the water of the bed 
ABC being drawn off by some easier and more direct course. 

Whatever may be the precise circumstances of each 

particular case, the student must bear in mind this general 

law as applicable to all supplies of water from underground^ 

that the supply results from the pressure at some point ia 

* See further relating to springs in the Chapter on Evaporation and 
Rain. 
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the interior, due to a head of water retained in a pervious 
hed of greater or less length and inclination. 

The pressure may result from a sheet of water or a co- 
lumn, of small inclination, but many miles in length, so that 
one extremity of the column is considerably above the other. 
The resistance of the materials to the passage of the water 
frequently prevents, as has been already mentioned, the 
pressure at any point in the interior being that which is 
due to the whole head, and the same cause frequently 
occasions the surface of the underground current to have an 
inclined position instead of being horizontal, the degree of 
inclination depending on the amount of resistance and the 
rapidity with which the water is withdrawn at the lower 
extremity. 

The application of the preceding principles will frequently 
be of service in the investigations of geology, as explaining 
some of the phenomena which present themselves, and 
affording evidence as to the extent and inclination of par- 
ticular strata. 

58. Flow of rivers. The proposition already esta- 
blished may also be applied to explain the motion of water 
in rivers and artificial channels. We have seen that the 
surface of a fluid at rest is a level surface, and a surface of 
equal pressure, and conversely that when the surface of a fluid 
is level, the fluid is at rest (Art. SS), also when the pressure 
is the same at all points of a surface, the fluid is at rest 
(Art. 31). When therefore a fluid is not at rest the above 
conditions do not obtain, and the rapidity of the flow of the 
water depends (other things being the same) on the difierence 
of the pressure at consecutive points. In a river in motion 
the surface has a certain inclination; hence since each point 
is pressed by the weight of the superincumbent column, the 
difference between any two columns is the measure of the 
force which accelerates the motion of the particles. 
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The inclination requisite for or corresponding to a given 
Telocity, will depend on the degree of resistance opposed to 
the motion of the particles j thus when water flows through 
a bed of sand,, as. referred to in the preceding article, the 
surface of the water will have a considerable slope*. 

59. Flow of water in pipes. The same principles are 
also applicable to explain the flow of water in pipes ; the 
velocity, other things being the same, will depend on the 
difference of the levels at the two extremities, as this will 
be the height of the head available for giving motimi to the 
water. The character of the pipe,, as to dimensions, the 
number of angles, and materials, will affect the result produced 
by the same head; so that the circumstances of each case 
must be carefully examined. 

* See fuTthei on this subject in the Chapter on the Motion of Fluids. 
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ON THE EQUILIBRIUM OJF FLOATING BODIES. 



60. Ii* the preceding Chapter the pressure of a fluid on 
the bottom and sides of the containing vessel, and on a 
plane immersed in the fluid, was considered. "We shall now 
proceed to treat of the equilibrium of bodies immersed and 
floating in a fluid, for the purpose of determining the 
conditions under which they will be at rest and in motion j 
and if at rest, whether their position is one of stability or 
instability, and if in motion, the circumstances under which 
they rise or sink in the fluid. 

61. Pkop. a hody at rest immersed in a fluid is 
pressed upwards hy a pressure equal to the weight of the 

Jluid displaced. 

(1) Let the body be of a regular figure, as a cube, and 
wholly immersed in a fluid, and let the 
upper and lower forces AB and CD be a I b 
horizontal or parallel to the surface of the ^, 
fluid, then the sides AC and BD will be ~ '! 



perpendicular to that surface. Each of the T 

four sides will be subject to the pressure 
of the surrounding fluid, and this may be represented by 
a single force. The pressure on the side AC will be equal 
to the pressure on the side JBD, each being equal to a 
column of the same base and height. The pressure on 
the upper and lower faces respectively will be equal to 
the weight of a column whose base is the area and whose 
height is the depth of those faces respectively below the 
surface of the fluid, and the pressure on the lower face 
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CD will exceed the pressure on the upper face AB by the 
weight of a column of the fluid whose base is CD and height 
AC; that is, the weight of the fluid displaced or occupied 
by the solid immersed. If the weight of the fluid displaced 
be equal to the weight of the solid immersed, the excess of the 
pressure on the lower face tending to make the body ascend 
wiU be counterbalanced by that weight, and the body will be 
at rest; but if these weights be unequal, the body will sink or 
rise according as its weight is greater or less than the excess 
of the pressure on its lower face. 

(2) Let the body be of any shape whatever, and wholl^r 
immersed in the fluid. Now since any portion of a fluid 
may be supposed to be detached from the rest and to become' 
solid, we may suppose the fluid which occupied the space 
of the immersed body to be so detached and solidified ; then 
this solidified mass will be supported by the surrounding fluid 
in the same manner as the immersed body is supported, and 
the upward pressure of the fluid being the same in both cases, 
the weight supported will be the same, or the body will be 
pressed upwards by a pressure equal to the weight of the fluid 
displaced. 

62. Pbop. When a body is immersed or floats in a fluid, 
the horizontal pressures are in equilibrium with each other. 

The pressure at all points in the same horizontal plane 
being equal, and proportional to the depth of the plane below 
the surface of the fluid (Art. 42), and perpendicular to the 
surface of the immersed or floating body (Art. 51), if the 
horizontal forces are not in equilibrium with each other, 
the body cannot be at rest in the fluid, but will move in 
a horizontal direction ; but the body is at rest, and conse- 
quently the pressures in the horizontal direction are in 
equilibrium with each other*. 

• See Theory of Fluids, Art. 55. 
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63. Plane of JloataHon. When a body floats in a fluid, 
the plane in which the horizontal surface of the fluid in- 
tersects the body, is called the plane afjkatatim. 

64. Peop. If a body fioaU in a fluid, it displaces as 
tntich of the^uid as is equal to the weight of the body, and 
the force with which it presses downwards and is pressed 
upwards is equal to the weight of the fluid displaced. 

Let the figure represent any body floating in a fluid. 
Let M be the mass of the body above 
the surfece of the fluid, and M' the 
mass of the body below the surface 
of the fluid, then M+M' is the whole 
mass. Now this body is supported 
in some way or other by the fluid, 
and before the body was immersed, there was a quantity 
of the fluid equal in bulk to M', which being conceived to 
be detached from the rest (Art. 30), was supported in the 
same manner. Each of these then must be supported by the 
same pressure acting upwards. Since then the weight of 
the fluid displaced would be sustained by the same upward 
pressure as sustains the weight of the body, the weight of the 
displaced fluid and of the body must be equal to each other. 

The pressure at any point P is (Art. 43) the weight 
of a vertical column PIf of the fluid, and the whole pressure 
on the under surface of the floating body is the sum of all 
such columns. But the sum of these columns makes up 
the fluid displaced. Hence the downward pressure of the 
body and the upward pressure of the fluid each equals the 
weight of the fluid displaced. 

Let V be the volume of the floating body, that is, the 
number of units of bulk it contains, and p its density. 
Then M + M' = Vp, and Vpg is the weight of the body. 



THE EdUILIBSIirU OF FLOATING BODIES. 59 

Similarljr let F' be the volume of the part imjaaersed, and 
p! the density of the fluid. 

Then the weight of the fluid displaced =V'p'ff; and, by 
the preceding, V'^g= Vpg; .: V'p'= Vp. 

Let p' = p, then V = V, or the whole body is immersed, 
and will rest in any position, provided it be wholly immersed. 

Cob. 1. Since V'p'= Vp, we have, V : V :: p : p' ; or 
the part immersed bears a constant ratio to the whole body. 

CoK. 2. "Whence it is evident that if a heavy body, as 
a bucket full of water, be suspended in water by a string, 
it is pressed upwards by a pressure equal to the weight 
of the fluid displaced, and therefore water' Weighs less when 
surrounded by its gvsti medium than when surrounded by 
air. Thus it appears that the loss of weight consequent 
upon the immersion of a heavy body in water is owing to 
the gravitation of a fluid in propria loco (Art. 9). 

65. Chrem'i Canal Lifts. A very ingeiuous and useful 
practical application of the law that a floating body dis- 
places as much fluid as is equal to its own weight, is 
afforded by the Canal Lifts* for passing laden boats 
from one level to another on a canal by raising or lowering 
them vertically. Two similar cradles or boxes with 
moveable water-tight doors at each end are suspended by 
chains over wheels so as to balance each other.',' These 
cradles are of a sufGicient size and depth to hold, and when 
filled with water to float, the laden oanal-boats. As these 
cradles balance each other over wheels, a slight excess of 
water-weight in one of them,^ or suitable machinery at- 
tached to one of the wheels over which they are balanced, 
will cause one cradle to descend and the other to ascend so 
as to occupy the lowest and highest positions respectively, 

• Designed and erected by Mr James Green, on the Grand Western 
Canal, near Taunton. See Tram. Inst. Cm. Engirt., 4to, Vol. ii. p. 185. 
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and to be on a level with the water in the lower and 

upper levels of the canals. In this state of things the 

moveable door at one end of each of the cradles is opened 

and a free communication made between the water in the 

cradles and the water in the canal at the two levels, and 

the cradles may be filled with water from those levels 

respectively. The cradles being so filled with water a 

boat may be passed from each of the levels into the cradle 

with which it communicates, when a quantity of water, 

equal to the displacement of the boat will flow out of 

the cradle into the canal, and the moveable doors being 

then closed the cradles with the boats floating in them 

may be set in motion by suitable machinery and change 

their relative situations, the cradle which was at the higher 

level having descended to the lower, and the cradle which 

was at the lower having ascended to the higher level. 

The other moveable door of the cradles being opened the 

boats so raised from the lower level may be passed out 

of its cradle into the canal at the upper level, and the 

boat so lowered from the upper level passed out of its 

cradle into the canal at the lower level; and other boats 

being passed in the same operation of transferring a boat 

from the one level to the other is repeated, the cradles 

with their boats ascending and descending alternately. 

If there is no boat ready to be sent up the canal at the 

time when one is to be sent down, or mce versa, then 

the one cradle contains its complement of water only, the 

weight of the cradle being the same whether it contains 

water only, or water with a boat floating in it, the depth 

of the water in the cradle being always the same ; any 

excess in the quantity of the water in the cradle being 

corrected by a portion of the water in the cradle flowing 

into the canal when the moveable door of the cradle is 

open, and any deficiency of water in the cradle being 
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supplied from the canal. By this adjustment of the depth 
of the water in the boat so as to balance the weights across 
the wheels, small canal-boats may be passed from one level 
to another with facility by a lift of from 50 to 100 feet, 
the loss of water from leakage or waste being small. It 
will be observed, as a consequence of this ingenious appli- 
cation of the above proposition, that a quantity of water 
exactly equal in weight to the gross tonnage of the boats 
and cargo will pass either up or down the canal in a direction 
contrary to that of the load, i. e. if the trade be all down 
the canal and the boats return empty, a quantity of water 
equal to the whole weight of the loading passed down will 
have passed up from the lowest level of the canal to the 
highest ; and vice versd, if the trade were all upward, the 
same quantity of water would have passed down the canal 
from the top to the bottom level independently of waste ; and 
a similar observation applies to the difference or balance of 
tonnage between the up and down trade either way, since a 
quantity of water equal in weight to such difference will pass 
in a contrary direction ; and hence arises a somewhat curious 
proposition, that with such lifts and a downward trade water 
equal in weight to the loads passed down would be absolutely 
carried up from the lowest to the highest level of the canal. 

66. Prop. If a hody be not at rest in af/md, the moving 
force by which it ascends or descends is the difference between the 
weight of the solid and the weight of an equal bulk of thejluid. 

The condition of equilibrium, namely V'p'g=Vpg, is of 
course not satisfied here, but the body being wholly immersed 
V= V and Vp'g is greater or less than Vpg, according as p' 
is greater or less than p. 

Let p' be greater than p, then Fp'g is greater than Fpg, 
that is, the weight of the fluid displaced is greater than the 
weight of the body, or the body is pressed upwards by a 
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greater force than that with which it presses down. The 
moving force* upwards is Ypg^ and downwards is Vpg, 
and the difference of these, or 

is the moving force with which it ascends. Similarly, 
Vpg — Vp'g is the moving force with which it descends, if p 
is greater than p'. And the accelerating force being the 
moving force by the mass moved, is 

Vp9~ yp'ff _ P9~p'ff _ ^ A P'\ 

Vp p ~^V pj- 

67. Camel. On the principle explained in this proposi- 
tion is founded the contrivance called the Camel, for raising 
sunken vessels, or for lifting vessels over shoals and sand- 
banks. Two large chests when filled with water are easily 
sunk, one on each side of the vessel which is to be lifted, and 
made fast to the side of the keel by straps passing underneath. 
The water is then pumped out, and the buoyancy of the chests 
will raise the vessel. 

Life preservers also act on the same principle; for a tube 
impervious to water and inflated with air, is so much lighter 
than its own bulk of water, that when attached round the 
waist, it gives the body such buoyancy that the upper parts 
of the person will be kept above water. 

68. Ascent of light bodies. The preceding propositions 
may also be illustrated by the ascent of light bodies, as an 
air-bubble and a fish in water, or a balloon and smoke in 
the atmosphere, which, as will hereafter be seen, is a fluid 
presenting the same conditions for the equilibrium of bodies 
as already described. Thus, if a small bladder filled with 
ai» be inserted in a tall jar containing waier or other fluid, 
and covered with a bladder so that the water in the vessel 
may be compressed by the pressure of the hand on the 

• Whewell's Elementary Mechanics, Art. 100. Sixth edition. 
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covering of the vessel, the air-buhble will sink, and on the 
pressure being removed rise again. Owing to the diminution 
in the bulk of the air-bubble by the pressure on the surface 
of the water, the quantity, and consequently the weight of 
the water displaced, is diminished, whereas the weight of 
the bubble remains the same. 

The same principle is also illustrated by the rising and 
sinking of a fish in the water, according as the column of 
water displaced is increased or diminished on the expansion 
or contraction of its body. 

69. Prop. If a h&dy float m a fluid, the line joining 
the centres ef gravity of the body and of the fluid displaced 
is vertical. 

The downward pressure is the weight of the body, and 
the upward pressure is the weight of the fluid displaced 
(Art. 64). These two pressures may be considered as two 
forces applied at the centres of gravity of the body and of 
the fluid displaced, so that if G and 0' (see fig. Art. 73) 
be these centres, we have two forces acting on the body in 
the direction of the arrows in the figure. And it is evident 
that a body acted on by two such forces cannot be at rest 
unless the forces are opposite as well as equal ; that is, unless 
G and 0' are situated in the same vertical line. 

CoR. If the forces act as they are represented in the 
figure, they constitute, since they are parallel and equal, what 
is technically termed a couple, and a couple admits of no 
single resultant*. 

70. Conditions of equilihrium. The conditions that a 
floating body should remain at rest are, 

(1) That the weight of the body he equal to that of the 
fluid displaced, and, 

(2) That the centres of gravity of the body and of the 
fluid displaced be in the same vertical line. 

* Potter's Mechanics, Art. Id. 
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The two preceding conditions must obtain when a body 
floats in a fluid and is in equilibrium; they are not how- 
ever sufficient to determine the nature of that equilibrium; 
they relate only to the motion of translation upwards or 
downwards, but have no reference to the motion of rotation. 
The motions of which a solid body is susceptible may be 
reduced to tWo, which are perfectly independent of each 
other, and since they may coexist in the same body, the 
state of the body with respect to each must be determined. 
Suppose a body floating at rest in a fluid to be struck or 
pushed in an oblique direction, two motions wiU be com- 
municated to it, one of translation and the other of ro- 
tation. Now in consequence of the former motion and of 
the action of the fluid the body will make oscillations ; 
that isj will move backwards and forwards about its original 
position of rest, and finally, by the action of the fluid, be 
reduced to it. 

But the motion arising from the latter will differ with 
the nature of the floating body. In one case the body will 
miike oscill^itions about its original position, and finally 
return to it ; in another it will remain stationary, after having 
moved through a certain angle, and in a third it will have no 
tendency to return to its original position, but will recede 
farther from it. 

These three cases give rise to the three distinctions in 
the nature of the equilibrium of floating bodies ; and a body 
at rest is said to have an equilibrium of stability, of indiffer- 
ence, and of instability. 

71. Stable JEquilihrium. The equilibrium of a body 
is stable when it floats permanently in any one position, 
that is, when having been disturbed and made to revolve 
through any angle, it has a tendency to resume its former 
position. 
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Unstable £!quilibrium. The equilibiinm of a body is 
unstable when after having been disturbed it has no tendency 
to return to its former position of equilibrium, but recedes 
farther from it. 

Neutral or Indifferent Equilibriitm is when the body 
rests in every position, and has no tendency either to return 
to or to recede farther from its original position. 

An ellipse placed oh the extremity of its axis minor on 
a horizontal plane returns to its original position if disturbed, 
but if it be placed on the extremity of its axis major it recedes 
farther from its original position. In the former case the 
equilibrium is stable, in the latter unstable. The nature of 
the equilibrium is a most important inquiry, and the theo- 
retical investigations lead to results of the greatest importance 
in the building, lading, and ballasting of vessels. 

72. Metacentre. The point of intersection of the vertical 
through the centre of gravity of the fluid displaced (the body 
having been disturbed through a very small angle) with the 
vertical through the centre of gravity of the body when at 
rest, is called the metacentre of the body. 

73. Prop. To determine when the equilibrium is stable, 
unstable, or indifferent. 

Let G be the eentre of gravity of a body floating in a 
fluid whose surface is ^^, and the centre of gravity of 




the fluid displaced. Then, when the body floated at rest, 
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GO was vertical (Art. GQ) ; let the body be very slightly 
disturbed, so that GO is incKned at a very small angle to 
the vertical, and let 0' be the centre of gravity of the fluid 
displaced. Let the vertical through 0' meet OG in M, then 
M is the metacent of the body. Let us consider the 
forces acting on the body in this position. There is the 
weight of the body acting downwards through G, and of 
the fluid acting upwards, through 0' in; the direction OM, 
both of which tend to bring the body back to its original 
position. Hence in this case the equilibrium is stable, and 
the metacentre is above the centre of gravity of the body. 
Hence, when the metacentre is above the centre of gravity, 
which is the case when the body is heavily loaded at the 
lowest parts, the pressure of the fluid upwards, and the 
weight of the body downwards, both tend to bring the 
body back into its ori^nal position, and the equilibrium is 
therefore stable. 

-But if the metacentre be below the centre of gravity of 
the body, the pressure of the fluid upwards and the weight of 
the body downwards both tend to move the body farther from 
its original position, and the equilibrium is therefore unstable. 
Lastly, if the metacentre and centre of gravity coincide, 
the forces being equal and applied at the same point in op- 
posite directions, the body will rest in that position, and the 
equilibrium is indifierent. 

Hence the equilibrium of a floating body is stable, un- 
stable, or indifierent, according as the metacentre is above, 
below, or coincident with the centre of gravity of the body. 

Cob,, Hence the necessity of having not only the 
heavier parts of a ship's cargo stowed at the bottom of the 
vessel, but also of having the vessel ballasted or the keel 
heavily laden, is apparent. For the masts and rig^ng may 
raise the centre of gravity of the vessel above the meta- 
centre, in whieh case the vessel is in a position of unstable 
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equilibrium, and will be brought on her beam ends by the 
slightest breeze. The danger from the rolling of large vessels 
arises from the liability of parts of the cargo to shift, in 
which case the equilibrium may cease to be stable ; and the 
danger of standing up in a small boat is quite apparent, 
should the eleyation of the body raise the centre of gravity of 
the floating mass above the centre of gravity of the -fluid 
displaced. 

73 a. Prop. The position* of stable and of unstalle equi- 
librium recur alternately. 

This is a general proposition applicable to all cases of 
equilibrium, and not confined to bodies floating in a fluid. 
Let the body be made to revolve out of one position of stable 
equilibrium into another. Ifow immediately adjacent to its 
first position, its tendency is to return to it, or to cheek the 
revolution; and immediately adjacent to its second position, 
its tendency is from the first position, or to continue its revo- 
lution. There is therefore some intermediate position, in 
which this tendency changes its direction. Suppose the body 
to be in this position ;' then whichever way it is disturbed it 
moves from this position, or this position is one of unstable 
equilibrium. 



CHAPTER VI. 

ON SPECIFIC GRAVITY, 



74. One substance is said to be specifically heavier or 
lighter than another, when being equal as to magnitude the 
weight of one exceeds or falls short of the weight of the 
other. Thus iron and mercury are specifically heavier than 
iivater, for the weight of a cubic inch of iron is greater than 
the Weight of a cubic inch of water, and the weight of a. 
pint of mercury is greater than the weight of a pint of water. 
Thus also cork and wood are specifically lighter than iron., 
And the fact that the weight of any particular substance is 
greater or less than the weight of the same bulk of some 
other substance, is expressed by saying, that the specific 
gravity of the one substance is greater or less than the specific 
gravity of the other. 

75. Definition of Specific Gravity. The specific gravity 
of a substance is the ratio of the weights of equal bulks of 
that substance, and of some other substance with which it is 
compared. 

But insuperable difficulties present themselves in com- 
paring some substances with each other, and this comparison 
can in many cases only be efiected by taking some standard 
substance which is subject to little variation, and with which 
every other substance may be readily compared ; so that the 
substances, being compared immediately with this, may be 
compared mediately with each other. Now water possesses 
these qualities in a remarkable degree ; and, in order to remove 
all possible sources of inaccuracy, distilled water, at a tempe- 
rature of 60", is used as the standard medium. 
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in comparing the specific gravity of different gases, it 
■would be inconvenient, in consequence of their extreme 
lightness, to compare them only with water ; hence pure 
and dry atmospheric air, at a temperature of 60", and the 
barometer at 30 inches, is iised a^ the medium of comparison. 

Hence it appears that the specific gravity of a solid or 
liquid is found by dividing the weight of a portion of the 
substance by the weight of an equal bulk of water, and thp 
quotient obtained by performing the division to a sufficient 
number of decimal places is set down as the specific gravity 
of the substance. Similarly the specific gravity of a gas is 
expressed by the quotient obtained by dividing the weight 
of a portion of the gas by the weight of an equal volume of 
atmospheric air. And a faile of specific gramties consists of 
these quotients so set down for all known substances. 

76. Tables of Specific Gravities. It is particularly to 
be observed, that these quotients^ obtained by dividing the 
weights of equal volumes of two substances, and set down 
in the Tables, express the numher of units of weight in a 
certain volume of the substance. And the unit of weight 
which is here employed is the weight of that volume or bulj: 
;0f water which is the unit of volume of the substance, what- 
ever that unit may be. If then the substance be measured 
in ciibip inches, the unit of weight is the weight of a cubic 
inch of water, and the specific gravity of any substance is 
the number of cubical inches of water which is equal in 
weight to one cubical inch of the substance. And the quotient 
which expresses the specific gravity of any substance means 
the volume of water which is equal in weight to that unit of 
volume by which the substance is measured. 

The specific gravity of mercury as set down in thq Table* 
is 13*58 ; that is, 13'58 cubic inches or cubic feet of water weigh 

• See Table of Specific Gravities at the end pf the Volume. 
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as much as one cubic inch or cubic foot of mercury. Hence 
also it is evident that mercury is 13-58 times heavier than 
•water. Thus the ahmlute weight of substances may be deter- 
mined from a table of Specific Gravities, if the unit of vpeight, 
that is, if the weight of a quantity of the vrater equal to the 
unit of bulk, be known. 

77. The specijie gravity of different substances is as the 
density of the substances. 

Let V and V be the volumes of two bodies A and B ; 
p and p' their densities, then the weights of the bodies are 
Vpg and Vp'g (Art. 13). 

Let the density of the standard fluid be unity, then 

the weights of portions of it equal in bulk to V and V 

are Vg and V'g. 

Yog 
Hence the specific gravity oiA= -r^ , 

Vps Vp's 
or sp. gr. of A : sp. gr. of B :: -^ : y^v. p : p\ 

or as the density of the substances. 

Cor. Hence the specific gravity of di£Ferent substances 
is as the weights of equal bulks of the substances. 

78. Prop. When a solid is immersed in a fluid, the 
weight lost is to the whole weight of the body as the specific 
gravity of the fluid is to that of the solid. 

When a body is immersed in a fluid, the moving force 
with which it descends, or tends to descend if sustained, 
is equal to the difference between the weight of the solid 
and the weight lost by the action of the fluid. Let W be 
the weight of the solid and W the weight lost by the 
action of the fluid; the moving force then with which it 
descends is W— W. 
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Ivow this f<ffce is the difference between the weight of 
the solid and the weight of the fluid displaced (Art. 64), 
and therefore if w be the weight of the fluid displaced, the 
force is W— to ; 

.: W- W== W-w; or W=w, 
or the weight lost by the action of the fluid is equal to 
the weight of the fluid displaced ,- that is, it is equal to 
the weight of a quantity of the fluid equal in bulk to the 
body immersed. 

Let F be the volume of the body immersed, p the density 
of the body, and / of the fluid. 

Then W= Vpg and w=Fp'g= W (Art. 13); 

.: W: W :: Fp'g : Fpg 

:: p' : p. 

But the specific gravity of bodies is as their density (Art. 77) ; 

therefore the weight lost : the weight of the body :: the 

specific gravity of the fluid : the specific gravity of the solid. 

Also when the body is not wholly immersed, we have the 
volumes of the part immersed and of the whole body in the 
same ratio (Cor. 1, Art. 64). 

If the body be lighter than water, a known weight 
must be employed to sink it, and the same proposition will 
be found to hold. Many applica;tions of this proposition 
occur in the practical determination of the specific gravity 
of bodies. 

79. Hydrostatic Balance. The specific gravity of a solid 
body is very readily found by the hydrostatic balance, which 
in its simplest form is a common pair of scales, with a fine 
thread attached to the under surface of one of the scale pans. 
The substance whose specific gravity is required is weighed 
in air, and then, being attached to the thread, is immersed 
in distUled water at the standard temperature, and again 
weighed. 
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Let w be the weight of the substance P in air, and id' 
its weight when immersed in the . 

water. ' 



Then w — w'is the weight lost, 
which is equal to the weight of 
the fluid displaced, and the fluid 
displaced is equal to the bulk of 
the substance immersed. Hence 

« — w' is the weight of the fluid equal in bulk to the substance 
whose weight is w. The specific gravity therefore of the 




w 



substance = ; (Art. 75). 

But if P be lighter than water, as if it be a piece of dry 
wood, it will not sink. That it may sink in water, let a 
heavy substance P, be attached to it, which weighs Wj in air 
and tOg in the water. 

Let w' be the weight of P + P, in the water. 
Then weight of water equal in bulk to P + P, = «7 + 10, — w' j 

and P, =w,-Wa; 

.• P = w + Wa — w'; 

.*. the specific gravity qI V = - 



IC + Wj — «j 

If the substance be soluble in water, it must be enclosed in 
a lump of wax of known weight and magnitude, and its specific 
gravity may be found in a manner similar to the last case. 

80. Pbop. To find the specific gravity of a compound. 

Substances of the same kind have invariably the same 
specific gravity, and this furnishes a test whereby we may 
determine whether two similar substances are the same or 
different. But the specific gravity of a compound will in 
general be diflerent from the specific gravity of either of the 
component substances, and may be found when the whole 
quantity of matter in the compound is the sum of the matter 
in the parts. 
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Let r, V be the volumes of the component substances, 
p and p their densities, and p" the density of the compound, 
then 

(r+F')p"=F/>+r/,', 

or(r+rO^=F^ + F'^'; 

but specific gravity is as the density (Art. 77). Hence if 
the density of the water be unity, and s, «', «", be the 
specific gravities of the component substances and of the 
whole substance, then 

ir+r)s"= va + rs; 

Fs+FV 



.•• « = 



F+r 



Thus in making an alloy of metals, the specific gravity 
of the compound is known from the specific gravity of the 
component metals, (if the density of the metals undergoes 
no change by the admixture^ ; and if the alloy be improperly 
made, the adulteration may be detected. 

It is said that Archimedes discovered that the gold 
which had been given by Hiero to an artificer to make 
into a crown, was not put pure into the crown, but alloyed 
with a baser metal. The adulteration must have been 
detected by the principles explained in the preceding 
articles. 

This proposition is not true in cases of chemical 
combinations, for it frequently happens that the volume 
of a chemical combination is less than that of the two 
combined substances. Thus, if a pint of water and a pint 
of sulphuric acid be mixed together, the mixture will not 
make a quart. 

w. p. H. 4 
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81. Common Hydrometer. The simplest instrument for 
finding the specific gravity of a fluid Is the 
common hydrometer. A hollow sphere is 
pierced by a stem, the upper portion of which 
is graduated, and the lower portion loaded 
so that the instrument may float vertically 
when placed in a fluid. It will also have 
great stability, for the centre of gravity will 
be below the metacentre (Art. 73). 

Let V be the whole volume of the in- 
strument, and k the section of the graduated 
stem. 

When placed in one fluid (^) let it sink J I 

to P, and in another fluid (S) let it sink only 
to Q. Let the zero point of the graduation be at the top of 
the stem, and let P- be distant x divisions from the top of the 
stem, and Q be distant,^ divisions from the same point. 

Let p and />' be the densities of the two fluids. 

Then the quantity of the fluid {A) displaced, is {V-xk), 
and (J5) {V-yk), 

and the weights are respectively 

gp{y-xk\ a,nd ffp'(^r-yk). 
Now the weight of the fluid displaced is equal to the 
weight of the body immersed (Art. 64), hence since the 
same instrument is used for both fluids, 

ffp{r- xk) =gp ( V- yk\ 
or Y—xk : V—yk :: p' : p 

:: the sp. gr. of (B) : the sp. gr. of (A) 

(Art. 77) ; 
therefore the specific gravity of (A) 

= ^^.sp.gr.of(B). 
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Let the fluid (B) be the standard fluid, then its specific 

gravity will always be represented by unity, and therefore 

if the instrument sinks to P in ajiy other fluid, the specific 

V— yh 
gravity of that fluid is y, -, and the value of this 

ratio for every value of as being registered in tables, the 
specific gravity required is known by the inspection of 
these tables. 

82. Sikes's Hydrometer. The value of some wines and 
of all spirituous liquors, depends principally on the relative 
quantity of alcohol and water which they contain. Hence 
it is a matter of the greatest importance to merchants and 
revenue officers to be able to determine with facility this 
proportion. This is done by the hydrometer, which shews 
at once whether spirits are above or below proof. For 
proof spirit consists of equal portions of pure spirit or 
alcohol, and of water. Now water is heavier than alcohol ; 
if therefore there be more water than alcohol, the hydro- 
meter will not sink so deep as in proof spirit; if there be 
less, the hydrometer will sink deeper; in the one case the 
mixture is below proof, and in the other it is above proof, 
and the degree of adulteration may evidently be known 
from a table calculated in the manner described in the last 
article. The instrument generally used for this purpose is 
the hydrometer invented by Sikes. 

The only difference between this instrument and the 
common hydrometer, consists in the stem, which is thin 
and flat. It is accompanied with eight small weights, 
which may be placed on the stem so as to increase the 
weight of the instrument, if requisite, when the specific 
gravity of a heavy fluid is required. For the instrument 
being used for determining the specific gravity of very 
light fluids would not sink to the lowest division on the 
graduated stem in a heavy fluid, without the addition of 

4r-2 
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one of these weights. The table used is different for each 
different weight placed on the instrument, 

83. Nicholson's Hydrometer. This hydrometer serves 
to determine the specific gravity both of solids and of fluids. 
A hollow sphere is pierced by a stem graduated as usual, 
and carrying a cup at each end, the lower one of which is 
loaded so as to insure the stability of the instrument in a 
vertical position. 

This instrument is always sunk to the same depth by 
weights placed in the upper cup. 

(1) S'pecijic gravity of a solid. Let W be the weight 
of the instrument, and W the weight of fie^^ 

the fluid displaced when the instrument 
is sunk to the standard depth, and w the 
weight placed in the upper cup to sink 
it to that depth. 

Let ^ be the weight of the body 
whose specific gravity is required, and Y 
the weight of a bulk of the fluid equal to 
the bulk of the body. Then, 



specific gravity of the body = 



X 




»^ 



The body being first put in the upper cup, let the 
instrument be sunk to the given point P hy a weight w' 
in the upper cup. Then we have the following equations : 

W' = W+tci (1), 

W':=W+JSr+w' (2); 

whence, by subtraction, 

Next, let the body be placed in the lower cup, and 
now let a weight w'' in the upper cup sink the instrument 
to the given depth. Then, 

W'+ Y= W + X-i- w" (3). 
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Subtracting equation (2) from this, we have 

.„ ., 2r w—iict 

,: specific gravity =-^= ^„_^, . 

And the specific gravity of a body being the ratio of the 
weights of equal bulks of the body and of the fluid, the 

specific gravity required = —, . 

(2) To compare the speci/ic gravity of two fluids A 
and B. 

Let W be the weight of the instrument, and w the 
weight requisite to sink it to the point P in the fluid (Jl)„ 
and w' in the fluid {B). 

Then the weight of the fluid {A) displaced = W+ w, 

and (5) = W+w', 

and the quantity is the same in each case, since the instru- 
ment is sunk to the same point, Now the specific gravities 
of two fluids are in the ratio of the weights of equal bulks 
of the fluids (Cor. Art. 77)- 

.-. the sp. gr. of A : the sp. gr. of B :: W+w: W+w'. 

Let the fluid {B) be pure water at the standard tempe- 

W + to 
rature, the -specific gra,vity of the fluid {A) = ^== / . 

84. In the preceding propositions the weight in air 
has been taken as the true weight. This is iiot quite 
exact, for the air being a fluid, the weight in air is only 
the apparent weight, the true weight being the weight in 
vacuo; so that the preceding propositions are accurately 
true only on the hypothesis , of the bodies having been 
lyeighed in vacuo. The corrections ?ire, Jiowever, very 
small, and the difference in, the specific gravity of bpdiea 
from this circumstance cau only be detected by very 
nice experiments. The correction^ requisite to lende; the) 
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preceding proposition accurate are given in the following 
articles. 

Also, in very nice experiments, great care must be taken 
to observe the temperatures at which the observations are 
made, since every body expands by heat and contracts by 
cold, and will therefore occupy more space, that is, be of 
larger volume at one time than at another. 

The height of the barometer must also be noted, and 
the results of different observations must all be reduced to 
the same standard. 

85. Pbop. To find the spectre gravity of air, that is, 
to compare the density 6/ air and water. 

Let a large flask or bottle full of the air whose specific 
gravity is required be weighed, and let to be its weight, 
and let w' be its weight when full of water, and w, its 
weight when the air is exhausted. 

Then w — w, is the weight of the air which the flask holds, 
and w- w, water 

.•. the sp. gr. of the air = —, ' , 

^ ^ w -w, 

Cob. The specific gravity of the gases will be found 
in the same manner by weighing a large flask when full 
and empty, and thus finding the weights of equal bulks of 
gas and air. 

86. Peop. To determine the true weight and specific 
gravity of a substance. 

Let w be the weight of the body when weighed in air, 
and w' its weight when weighed in water. 

Let m be the specific gravity of air, and s the apparent 
specific gravity of the substance, as determined by one of 
the methods explained in the preceding propositions. 

Let X be the true weight of the body, and y its true 
specific gravity (Art. 84).- 
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The weight in air (w) = the true weight (x) — the weight 
of an equal bulk of air ; 

and the weight of an equal bulk of air : the true weight 
of the body («) :: specific gravity of air (j») : the true 
specific gravity of the body (i/) ; 

.'.w = x =x\l ) (i). 

The weight in water (w') = the true weight («) — the 
weight of an equal bulk of water; 

and the weight of an eqnal bulk of water : « :: 1 : ^ as 
before ; 

•••«^=^(l-^) (2). 

Then from (1) -=1--, 

and (2) 1=1--; 

y * 

IB 

1-- 

X 

.'. m = ' , . 
w ' 

X 



mvo' 



= 1-^; 



X as 

w — mm' , IB — mv>' 

.'. -\-m; .; x = —■ , 

X 1-m 

or X = (w — mie') (1 + m) nearly, 

= w + «i (to — w) nearly^ ■ 

since all powers of m above the first may be omitted. 

Hence the true weight is greater than the apparent by 

f» (to — w*). 

Again, dividing (1) by (2), ^ = ^~^; 

w — tnw' io ,. rmcf 
.: y= p= jU) ,. 
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Hence > must be subtracted from the apparent 

1B—W 

specific gravity, and the result is the true specific gravity 
of the substance. 

87. On the construction and use of a table of specific 
gravities. 

In the preceding articles several instruments for deter- 
mining the specific gravities of substances have been ex- 
plained. A fev\r examples in which the data obtained by 
some of these methods are made use of, may serve to 
render the subject more intelligible, and to explain fully 
the method of constructing a table of specific gravities^ and 
its use when constructed. 

Ex. 1. A piece of copper weighs 31 grains in air and 
27^ grains in water, as ascertained by the hydrostatic 
balance (Art. 79)- 

Then in the case w = 31, and «c'=27i; 

31 62 

.-. the sp. gr. of copper=-gj— ^1 = Y = 8-85, 

which coincides very nearly with the value given in the 

table of specific gravities. 

Ex. 2. A piece of dry elm weighs 920 grains, let it be 

varnished to prevent its absorbing any water by which 

its bulk would be increased, and when attached to a piece 

of metal which weighs 9H grains in water, let it weigh in 

water 331 grains. 

f Then, by Art. 79, 

._ 920 _920^.g 

w+Wa-w' 920 + 911-331 1500 ' 

the specific gravity required, 

Ex. 3. Two metals, whose specific gravity is known, 

are mixed in a known proportion ; to find the specific gravity 

of the compound. 
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By (Art. 80),"^ F+ K' ' 

Let V be twelve measures of gold and V one of copper, 
then, referring to the table, * = 19'25, and «' = 8*9 ; 
. „ 12 X 19-25 + 8-9 239-9 ,„..« 
12+1 13 ° ■ 

This is very nearly the specific gravity of the sovereign, 
and would be accurately so if gold and copper did not 
change their densities in the least degree on forming a 
compound. 

Ex. 4. A Nicholson's hydrometer, weighing 250 grains, 

requires 72 grains to sink it to the given depth in water, 

and 9 grains in alcohol. 

W+ io 
Then (Art. 83) the specific gravity of alcohol ^ ™ ,■ 

= 2_50 + 9 ^259^.804 
250 + 72 322 

which agrees very nearly with the table. 

Ex. 5. "When the thermometer is at 60", and the baro- 
meter at SO inches, 100 cubic inches of dry atmospheric air 
weigh 31 '01 17 grains. And 100 cubic inches of oxygen 
weigh 34-109 grains; 

34'IOQ 
,-. (Cor. Art. 77) the sp. gr. of oxygen = ^Y^Qjyy 

= 1-1025, 

and the specific gravities of the other gases are found in the 
same way. 

Ex. 6. To find the weight of a cubic inch of mercury. 
The weight of a cubic inch of mercury equals the weight 
of 13-58 cubic inches of water (Art. 76). Now a cubic foot 
of pure water, at a temperature 60°, weighs very accurately 
1000 ounces avoirdupois. 

4—5 
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And. there are 12' or 1728 cubic inches in a cubic foot, 

therefore a cubic inch weighs r-:=:rr- ounces*. And a cubic 
* 1728 

... . , 13-58 X 1000 13580 _.„, 

inch of mercury weighs = = 7 85 ounces. 

And the weight of any other substance may be found in the 
same way. 

* The pound avoirdupois contains 7000 grains^ therefore an ounce 

7000 ,4- . . 
= -^ = 437*5 grains. 

.,...,, . , 1000x437-5 . 
A cubic men of water weighs r^— 3 grains 

437500 „„. ,„ . 



OHAPTEE VII. 

ON THE LAWS OF ELASTIC FLUIDS. 



88. The propositions in the preceding Ohaptets have 
applied equally to all fluids, both liquids and gases, since 
the properties on which they depended are common to all. 
Bat the elastic fluids or gases have some properties which 
are the necessary consequences of the repulsive forces which 
exist between their particles, and which have now to be 
considered. Common air is found to be a perfectly elastic 
fluid (Art. 16), and any proposition proved for air in con- 
sequence of this property will be true for all other elastic 
fluids. 

The characteristic of elastic fluids distinguished from 
liquids, is the pressure which they exert against the sides 
of any containing vessel, and which is called the elastic force. 
The pressure arising from this elastic force is the same at 
every part of the fluid in equilibrium, and must be carefully 
distinguished from the pressure due to gravity, which varies 
with the position of the point pressed. 

89. Prop. The elastic force of air at a given tempe- 
rature varies inversely as the space it occupies. 

There are many different ways of establishing this 
experimental truth, which is called Boyle's or Marietta's 
law*; the following admits of great accuracy. 

* This law was established by Boyle in 1662, and subsequentily by 
Mariotte. For the deviations from this law in some of the gases whicii 
may be readily liquefied, see Graham's Chemistry, Second edition, pp. 13 
and 76. 



^ 
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Let a glass tube, having one end open and the other 
closed, be bent into the form ABC, AB being 
parallel to BC. Let the communication be- 
tween the two tubes be cut off by a small 
quantity of mercury placed at B. Then air 
contained in BG will exert the same elastic '" 
force on all equal portions of surface. Let 
the section of the tube be for simplicity taken 
as the unit of area. Let p represent the elastic 
force of the air in BC; this will also be the 
pressure or weight of the superincumbent column of the 
atmosphere on the surface of the mercury at B. Let 
mercury be poured down the leg AB, it will rise in BG, 
and the air in BG will be compressed, and the mercury 
in the leg AB will stand higher than the mercury in BC. 
Let P and Q be relative positions of the mercury in the 
two legs. Then drawing the horizontal line Q q, the portion 
Pq of the mercury is balanced by the increased elastic 
force of the air in CQ. Let e be the elastic force of the 
air in CQ ; and p the density of the mercury, then 

€ = p + gpPq. 

Let more mercury be poured in, and let P', Q' be the 

relative positions of the surface of the mercury, then 

sdrawing Q' ^ horizontally, if e be the elastic force in CQC, 

^■ = p+gpP'q'; 

. .6 ^ p+gpPq 

"^ P + SPPW 
Let the spaces CQ, CO! be accurately measured, then it 
will be found that 

CQ' ^ p + gpPq 

VU~p+gpP'gf' 
And consequently, 

e CQ' 
e' CQ' 
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that is, 

' J:. ^ 
* • ' " CQ ' cot' 

or the elastic force of the air varies inversely as the space 

occupied. 

In the preceding case we have supposed a quantity of 
common air detached or cut o£F from the external air by 
the mercury at B. In establishing the same law for the 
gases, or more generally for all elastic fluids, it will frequently 
happen, that the elastic force of the fluid on which we are 
experimenting is less than that of the external air, and 
consequently, the mercury will stand higher in the longer 
than in the shorter leg. Suppose, for instance, in the pre- 
ceding figure that the tube is closed at A and open at C, 
and that the elastic fluid is included in the spaces AP 
and AP\ the surfaces of the mercury in the open leg being 
at Q and Q'. Then we should have 
6 _ p-gpPq 
e' p-gpFq'' 
and the elastic force would as before be found to be in- 
versely as the spaces. 

Similarly, when the elastic force of the fluid is greater 
than that of the external air the same law will be found 
to. be true. 

The truth of this result will depend on the temperature 
being the same throughout the experiment. If the mercury 
be suddenly poured in the heat developed will produce an 
elevation in temperature which ■vy^ill at first cause a con- 
siderable deviation from the above law. 

90. Pbop. The elastic force of any gas at a given 
temperature is proportional to its density. 

The air being a perfectly elastic fluid, the diminution in 
volume is proportional to the compressing force (Art. l6). 
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Now the density increajses as the volume decreases (Art. 12), 
and, by the equality of action and re-action, the elastic 
force is equal to the compressing force. Therefore the 
elastic force is proportional to the density. 

Let k be the elastic force of air whose density is unity, 
and p the elastic force, or pressure exerted on a unit of 
surface by air whose density is p. Then 
p : k :: p : \; .'. p = kp. 

91. Peop. To determine the volume of any given, 
quantity of gas at a given tem,perature. 

From the experiments of Dalton and Gay-Lussac, it 
appears that all gases under the same pressure undergo 
equal expansions for equal increments of temperature. 

Hence the coefficient or law of expansion (Art. Ql), is 
the same for all gases, and being determined for one is 
known for all. Now 100 measures of air expand to 137'5 
measures on being heated from 32" to SIS'* of Fahrenheit's 
thermometer, that is, 37'5 is the increment of bulk of 100 
measures of any gas for an increase of 180 degrees of 
temperature ; 
therefore the increment of bulk of one measure for 180° 

= ?^ = -375 
100 ^^^' 

and the increment of bulk of one measure for l" 

=:^ = J_ . 

180 ~480' 

•••"=ik C^'^-^^)- 

Let V be the volume of any gas at a given temperature 
T, and V its volume at any temperature t'. 
Let Tq be its volume at 32" F. 
Then r=F, + a(T-32) ro = {l +a (r -32)} FoJ 
r= Fb + a (t' - 32) r„ = {1 + a (t' - 32)} V^ ; 
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" '^ ~l+a(T-32) 

= {l+a(T'-T)}r 
very nearly, since a is so small that the terms involving 
higher powers than the first may in general be omitted *. 

92. Prof. To exprets the relation hetwixt the elastic 
/orix, the density, and the temperature, of any ff at. 

It is found by experiment that the air and all other 
gases when subject to the same and a constant pressure 
dilate equally for equal increments of temperature; namely, 
by iJ„th of their volume for each degree of Fahrenheit, 
(Art. 91). 

If then the volume of any gas be constant, its elastic 
force will increase, and if the elastic force be constant, that 
is, if it be subject to the same pressure, its volume will 
increase for every increase of temperature. It is therefore 
of the greatest importance to connect these quantities by 
an equation, This law is from the name of its discoverer 
called Amonton's Law. 

Let F, be the given volume of a gas at the standard 
temperature, p, its elastic force, and p, its density. 

The elastic force p,, that is, the pressure on a unit of 
surface remaining the same, let the temperature be increased 
by 6°, let F' be the volume, and p the density of the 
gas, then if a be the increment of bulk for each degree of 
temperature, 

r'=r,(l+a0). 

But the density varies inversely as the volume ; 

el.K L_. . p'=_^ (I) 

p,~F'~l+ae' "P l+aB ••••■^'^- 

* See Graham's Chemiitry, Second edition, p. 13, where it appears 

that a = 7,779 according to the most recent and exact expetimenta, 
4yi 
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Now suppose thg pressure to be changed, the temperature 
remaining constant, namely, let p be the value of p„ and p 
the value of p', then by Boyle's law (Art. 89) 

But (Art. 90) p, = ^p, or H = A a constant quantity 

expressing the ratio between the elastic force and the density 
at a given temperature, therefore 

p = kp{l + a8). 
This formula is applicable to all gases, vapours, or their 
mixtures. 

93. Prop. If <my nurnher of differ eriit gases be in 
free communication with each other, or he separated hy a 
porous substance, the gases will diffuse themselves through 
each other. 

Let any two vessels be taken, one containing carbonic 
acid gas and the other hydrogen, and let the one contain- 
ing hydrogen be set above the other, and communicate by 
an aperture with the lower. Then if the gases in th» two 
vessels be examined, after a short interval, carbonic acid 
gas will be found in the upper aqd hydrogen in the lower 
vessel. If the upper vessel be filled with oxygen, nitrogen, 
or any other gas, the same phenomena will ensue; the 
gases will be found, after a short interval, to be in a state 
of mixture, and will at last be distributed equally through 
both vessels; and the same results are observed, whatever 
be the number of vessels containing different gases which 
are in communication with each other; the gases are all 
diffused equally through each other, so that any part ' of 
any one vessel will contain a portion of all the gases. 
Again, when gas is contained in a jar which has a crack 
in it, or in a porous vessel, the gas gradually diffuses itself 
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into the air, and the air into the gas, each passing through the 
cracks or pores at the same time, but in opposite directions. 

A great number of experiments on the diffusion of gases 
through the pores of a plug of plaster of Paris have been 
made by Prof. Graham*, and lead to the conclusion that 
the diffusion or spontaneous intermixture of two gases in 
contact is effected by an interchange in position of inde- 
finitely small volumes of the gases, ■which volumes are not 
necessarily of equal magnitude, but are in the case of each 
gas inversely proportional to the square root of the density 
of the gas. 

94. Pkop. The particles of one ffos, though highly- 
repulsive to each other, exert no sensible action of revision 
on the particles of another gas. 

This is Dalton's law, and as it serves to explain all the 
cases of the admixture of gases which present themselves, 
is far more satisfactory than the theories of chemical com-; 
binationt. We saw, in the preceding article, that carbonic 
acid gas ascended through hydrogen, and that hydrogen 
descended through carbonic acid gas. , 

Now the specific gravity of carbonic acid is 1'527, an^ 
the specific gravity of hydrogen is 0-069' Hence carbonic 
acid gas is 22 times heavier than hydrogen, and yet they 
permeate each other, and their particles remain intermingled, 
which is contrary to all known laws of the mutual action 
of particles on each other. 

Again, in the constitution of the atmosphere, there is a 
constant mixture of at least five different gases, of very 
different specific gravities $, and no apparent tendency to 

* London, and Edinburgh Phil. Magazine, March, AptU, May 1833; 
and Graham's Chemistry, Second edition, pp. 87, 88, 

•f Tmnei's Chemistry, p. 270, &c. . 

X Dalton, Memoirs of the Manchester Society, Vol. v., and Neui 
System of Chemical Philosophy, Chap. ii. Sect. 2. 
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separation. Add to which, the refractive power of the 
atmosphere is precisely such as a mechanical admixture 
of the gases ought to possess, and different from what 
would he expected were its elements chemically united. 
But if Dalton'a law be true, and there is no sensible mutual 
action betwixt the particles of different gases, the com- 
pound may exist without any regard whatever to the 
specific gravity of the component gases. One gas also is 
as a vacuum with respect to another, and the only opposition 
which the particles of one gas experience from the particles 
of another, is a mechanical impediment arising from the 
inertia of the particles, and subject to the laws of inelastic 
bodies. Thus one gas permeates and moves through the 
interstices of the other, as a spring of water flows through 
a sand bed; and, though during the difiusion the motion 
is retarded by the inertia of the particles, yet when the 
mixture is complete, or the gases are in a state of rest, the 
particles press only on those of their own kind. 

95. Prop. To determine the elastic force of any mixture 
of gases, siipposing that the particle of the gases act only 
on those of their own kind. 

The principles stated in the preceding article being 
assumed to be true so far as they refer to the fact of 
the diffusion of one gas through the other, and that one 
may consequently be considered as a vacuum with respect 
to the other, we may find the elastic force of the mixture 
of any number of gases of different elasticities contained in 
the same vessel. 

Each gas will when expanded have the elastic force 
due to its volume, and the whole pressure on any part of 
the containing vessel will be the sum of the elastic forces 
of the contained gases. 
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Let V and V be the volumes of two gases A and B, 
which communicating with each othei become mixed toge- 
ther by diffusion (Art. 94). Let p and p' be the elastic 
forces which the gaseS A and £ exert on a unit of surface 
of the containing vessels. Then when the gases are diffused 
through each other, the gas A occupies a space F+ V. 
Hence, since the elastic force of any gas is inversely as 
the space it occupies, 

the elastic force of A after the diffusion : p :: y, : -— ; 

V 
.'. the elastic force o{A=p.^f^ — ™ . 
^ V+F' 

V 
Similarly the elastic force of B = p' .-= — =>, and the whole 

elastic force on any portion of the containing surface is the 
sum of the elastic forces of the two fluids diffused through 
the whole space, and acting repulsively on the particles of 
their own kind. 
Let p=p', then, 

the elastic force of the mixture =^-v? — K^r 

V+F' 

= P, 
or the sides of the containing vessel sustain the same 
pressure from the elastic force of the mixture, as each 
separate vessel sustained before from the elastic force of the 
gas which it contained. This should be the case, for the 
opening a communication between two vessels containing any 
fluid under the same pressure calls into action no forces 
but what were previously in action, and therefore the 
pressure cannot be affected by the diffusion. 

Let F= V, then, 

the elastic force of the mixture = ^ (p H-pO* 

When the equilibrium is once established, and the 
mixture is complete, it is quite immaterial whether the 
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particles repel all other particles or not. For if they do, 
since action and re-action are equal, the pressure on the 
sides of the vessel is the same on either hypothesis. 

Thus, in any mixture of gases, as in our compound 
atmosphere, each component occupies the whole space allotted 
to them all*i and the absence or diminution of one portion 
of the mixture produces no effect on the equilibrium of the 
rest. 

96. Prop. To determine the law of gaseous diffusion 
on the hypothesis of Dallon's law. 

If the particles of one gas act only on those of its 
own kind, and consequently one gas be as a vacuum 
with respect to another, the rate of diffusion of one gas 
into another must at the beginning of the motion be very 
nearly the same as the velocity with which a gas rushes 
into a vacuum. Now the velocity of a gas rushing into 
a vacuum is Itnown, by analysis, to be inversely as the 
square root of its density. Hence if » and v be the rate 
of diffusion of two gases whose density is p and p\ we 
have 

11 

r:» :: -7= : -p= (1). 

•Jp Jp 
Let F and V be those volumes of the gases which have 
at any instant interchanged vessels, then since the volume 
diffused will be as the rate of diffusion, 

V: F'::v:v' (2). 

Let m and m' be the quantity or mass of the gases 
contained in the volumes V and V vrhich have become 
diffused through each other, then 

m' Vy'r/ v'~ V ^ ^' 

* Dalton, Memoirs of the Manchester Society, Vol. v» 
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substituting from (1) and (2) ; 

or the momentum generated in a given time is the same 
for all gasesj that is, the moving force of each moving 
current is the same*. 

Now in the case of a gas diffusing itself through a 
porous medium, the circumstances are not exactly the same 
as when a gas rushes into a vacuum. But it seems probable 
that a retardation of the gas will be occasioned by the 
obstruction of the medium. But action and re-action being 
equal, and the momenta generated in the issuing currents 
being equal, each current will suffer equal loss of motion; 
hence the remaining momenta will still be equal. If the 
momenta are equal, the equations (3) (2) (1) obtain, that 
is, the velocity of the issuing currents, or the rate of 
diffusion, is inversely proportional to the square roots of 
the densities of the gases. 

From the experiments of Prof. Graham, before alluded 
to (Art. QS"), it appears that the initial rates of diffusion 
through a porous substance are very exactly in this pro- 
portion. And his other conclusion, that the final volumes 
interchanged are in the same proportion, may be shewn to 
be included under Dalton's lawt. 

The Common or Double-Barrel Air Pump. 

97. The Air Pump is a machine for exhausting the 
air from any vessel, and its action depends on the dilatability 
or expansive power of the air (Art. 5) : for in virtue of this 
property, when a portion of the air is withdrawn from any 
vessel, the remaining quantity immediately dilates and fills 
the whole space. 

• Mr Thomson, Land, and Edin. Phil. Mag. May 1834. 
■\Ibid. See Kelland's Theory of Heat, Chap. iv. 
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A glass vessel A, called the receiver, is set on a metal 
plate which is ground accurately true and polished, so that 
the edge of the receiver may be in air-tight contact with 
the surfiioe of the plate; this may always be insured by 
smearing the edge of the receiver with a little grease. 
A pipe communicates with the receiver by means of an 
orifice B in the metal plate, and with two cylindrical 
barrels by valves C and D opening upwards. In these 
barrels air-tight pistons E and F, furnished with valves 
opening upwards, are worked up and down by the rack- 
wheel W, which is turned by a winch in the usual manner, 
and is so placed that as one piston ascends the other 
descends. Thus in the figure, E is ascending and F is 
descending, and when E is at the top of the barrel, F will 




be at the bottom; and then the wheel being turned in the 
opposite direction, F will ascend and E descend. Now 
it will be seen that all the valves open upwards, and that 
when the valve at the bottom of the cylinder is opeUj the 
valve in the piston which works in that cylinder is shut, 
and vice vend. Thus C is open and the valve in E is shut ; 
and Z) is shut and the valve in F is open. Now as the 
piston E ascends from the bottom to the top of the barrel, 
a partial vacuum is created below the piston, the external 
air being unable to insinuate itself between the piston and 
cylinder. The pressure of the air therefore being removed 
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from Hie tipper surface of the valve C, the elastic force of 
the air pressing on the under surft^ce of the valve opens it, 
and the air in the receiver and pipes dilates itself and fills 
the harrel. 

Now during the ascent of E and consequent descent of 
F, the valve in F is open and the valve D is shut. For as 
the piston F descends, the air helow the piston Vrill 
evidently shut D and open F. Thus no fresh air can enter 
the tube or receiver, and by this operation a quantity of 
air is abstracted from the receiver and tube equal to the 
content of one of the barrels. Now let the wheel be turned 
back, and F begin to ascend, the valve in F is immediately 
closed and D is opened; also E begins to descend, the 
valve C is closed, and the valve in E is opened, and then 
another quantity of air equal to the content of one barrel is 
withdrawn from the receiver. This process may be con- 
tinued, a barrel of air being expelled each turn of the wheel, 
till the elastic force of the remaining air is too slight to 
open the valves, when the action of the pump must cease, 
since no greater degree of exhaustion can then be obtained. 

98. Pkop. To find the dendty of the air in the receive 
after any nvimher of turns of the wh&il. 

Let A be the content of the receiver and pipe, and B 
the content of each of the barrels. 

Let p be the original density of the air in the receiver, 
and jo,, p2,...p, the density after 1, 2, ...m turns of the 
wheel. Then the air which occupied the space A when 
E was at the bottom of the barrel, expands itself into the 
barrel as E ascends, and (at the completion of the turn, 
when E is at the top of the barrel) occupies the space 
A+B. And the quantity of air whose density is pi is the 
same as the quantity whose density was p : 

.■.p,{A+B) = pA (1). 
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After the second turn when F has ascended to the top 
of the barrel pi{A + B) = piA, and so on : 

••• />» = f 1 • 21:^ and p, = /"xTB ^^ ^^^' 

•■•'''=''-(ztb)' 

and similarly after n turns the density is 



Thus it appears that the density decreases in a geometric 

A 

progression whose common ratio is -^ j, . It appears from 

this, that the air in the receiver can never be completely 

exhausted, since the ratio -z „ always remains finite, and 

therefore p„ has always a sensible value. 

99. Practical limits to the degree of exhaustion. 

From the last article, it appears theoretically impossible 
to exhaust all the air, or even to obtain a very great degree 
of rarefaction; the practical difficulties are very great. 
It is impossible to make the pistons touch accurately the 
bottoms of the barrels; hence when the pistons are at the 
bottom, there will be some air left below them, and this 
will not be of sufficient elasticity to opeu the valves in the 
pistons. For as the pistons descend, their valves cannot 
open until the air below them is of greater elastic force than 
the atmospheric air, and when the exhaustion has proceeded 
to a certain extent, a whole barrel of air may be compressed, 
by the descent of the piston, into the small space between 
the bottom of the piston and of the barrel, without acquir- 
ing sufficient elastic force to open the valve. When this is 
the case, the rarefaction can proceed no farther, for the 
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valves at the bottom of the barrels will not open when the 
piston is at the top of the barrel. For no air having been 
expelled by the ascent of the piston, since none escaped 
through the valve when the piston was at the bottom, the 
air in the pipe and receiver is of the same density, and 
therefore of the same elastic force as the air in the barrel, 
and therefore the valves ceasing to open, the action of the 
pump is entirely suspended. 

100. Siphon Gauge. In using the air-pump, it is 
desirable to know the degree of exhaustion 
which exists. This is most conveniently 
effected by the Siphon Gauge, which is a 
small glass tube bent into the form repre- 
sented in the figure, and having the por- 
tion ASP filled with mercury. There is 
a stop-cock at E^ and the extremity D can 
be screwed into some part of the air-pump 
so as to communicate with the receiver. In 
the figure of the air-pump (Art. 98 )> there 
is an orifice at G into which the gauge may 
be fitted. "When the cock at E is open, there will be a 
free communication between the air in the receiver and the 
surface of the mercury. Now the mercury will not sink in 
AB and rise in BC, unless the elastic force of the air on the 
surface of the mercury be diminished. Hence as the air is 
withdrawn from the receiver by the working of the pump, 
the elastic force of the air on the surface of tlie mercury 
at P will be diminished, and the mercury will rise in BG 
and sink in AB. And if the exhaustion were complete^ 
the mercury would stand at the same height in both tubes. 
But as all the air cannot be withdrawn, the degree tti 
exhaustion is accurately measured by the distance to which 
the mercury sinks in the tube AB. And the difference of 
the levels of the mercury in AB and BG, is an accurate 
w. p. n. 5 
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measure of the elastic' force of the air which remains in the 
receiver. 

Smmton's or the Single-ba/rrel Air-pump. 

101. The single-harrelled Air-pump, which is repre- 
sented in the accompanying figure, is capable of 
producing a greater degree of exhaustion than 
the common air-pump. The top of the barrel 
is closed, and has a ralve in it at A opening 
upwards, which, being closed prewnts the ex- 
ternal air from pressing on the surface of the 
piston. 

Let us suppose that the piston is beginning 
to be drawn up from the bottom to the top, then 
the pressure of the air being removefd from the 
upper surface of the valve at C, the elastic force 
of the air in the pipe CD leading to tbe receiver I 

opens the yalve, and the lower part of the barrel 
fiUs with air as the piston ascends. The valve in B is 
shut, being pressed by the air above the piston, and the 
valve A being pressed on its upper surface by the whole 
elastic force of the external, air, cannot open until the elastic 
force of the air beneath it becomes by compression greater 
than the elastic force of the external air. 

When the piston begins to descend, the valve A closes, 
and the valve in B opens, and the valve C closes. Smea- 
ton's principal improvement was in the valves, which ought 
to open on the slightest pressure, or the rarefaction will be 
Suspended. He made the valves of small pieces of oiled 
silk laid over six holes pierced close together. When the air 
presses on the upper surface of the valves, as on the valves A 
and C during the descent of the piston, and on the valve in B 
during its ascent, the silk is pressed close to the edges of the 
holes, and the passage of the air is completely prevented ; and 
when the air presses on the under side of the valves, so great 
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a surface of silk is expired, owing to the number of the holes, 
that an exceedingly small difference in the elastic force on the 
under and upper surface is sufficient Just to raise the silk and 
give a free passage to the air. Unless the upper surface of 
the piston can be brought into -very close contact with the top 
of the barrel, the valve A will not open ; and again, unless 
its lower surface can be brought likewise into close contact 
with the bottom, its valve will not open ; and the difficulty 
of effecting this is a practical limit to the exhaustion. The 
labour of working this pump is less than the labour of 
working the common air-pump, since the pressure of the 
external air is cut off by the valve A from the surface of the 
piston, and only acts towards the end of the stroke when the 
valve is open. 

The preceding shews the construction and working of the 
Stomach-pump, which is a single-barrel pump with the same 
set of valves as in this air-pump.. 



CuthberUon'g Air-pump. 

102. In this pump the practical difficulty of bringing th^ 
lower surface of the piston close to the bot- 
tom of the barrel, so that the valve in the 
piston may always be opened, is avoided 
by the ingenious construction of the piston 
and piston-rod, which is represented in the 
accompanying figure. The piston is pierced 
by a conical hole, into which the lower part 
of the piston-rod, which is a conical plug, 
fits accurately. When the piston-rod is 
drawn up, the plug A stops the hole and 
draws the piston up with it, and the sur- 
£ices of the plug and conical hole being in air-tight contact, 
all the air above the piston is expelled through a valve in the 

6—2 
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top of the barrel. When the descent ia to he made, the piston- 
rod being pushed down, the conical plug is detached, and the 
surfaces of the conical plug and hok are no longer in oontaotj 
but being separated, as is represented in the figure, a free 
passage is given to the air from the lower to the upper side of 
the piston, and the shoulders a, a catching on fche piston carry 
it down to <6ie bottom of the barrel. 

The Condenser. 



103. By means of this instrument a large quantity of a 
compressible fluid is forced into a very smaU 
space. 

It consists of a cylindrical barrel, with a 
valve at the bottom, opening outwards, and 
an air-tight piston, with a valve opening to- 
wards the bottom of the barrel. The piston 
may be worked up and down either by the 
band or by machinery attached to the piston- 
rod. When it is required to force a quantity 
of air or gas into a strong vessel C, the vessel 
must have a projecting neck or tube, which 
can be made to communicate with the con- 
denser, and which is furnished with a stop- 
cock, or valve opening inwards. Then when 
the piston A is depressed from the top to the 
bottom of the barrel, the air which was contained in the 
barrel is forced through the valve at B into the vessel C ; for 
the valve in A is shut, and the valve B is opened by the pres- 
sure of the air above it. The piston is then raised again, 
when the valve B shuts and the valve in A opens, and the 
barrel again becomes full of air, which is again forced into the 
vessel C by the descent of the piston ; and this process is con- 
tinued till a sufficient quantity has been forced in. 
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104. The deniity of the air in the recdmnff nestel increma 
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Let Fbe the content of tlie receiver, and V of the barrd, 
and p the original density of the air which i& forced in. Then 
pV is the quantity of ai« contained in the receiver at firstj 
and pV is the quantity forced in each descent of the piston. 
Hence, after one descent, the quantity of air in the receiver is 
pV+pV'=p{V+V'). 

After two descents, it is 

and after n descents, it is 

pr+npF'=p{V+nV% 
or it increases in an arithmetical progression. 

105. Siphon Gauge. The elastic force of the air in the 
receiving vessel of the condenser may be mea- 
sured by a gauge. A glass tube is bent into 
the form represented in the figure. A portion 
PjBQ of the branches AB, BC is filled with 
mercury, and the end A is closed. Then the 
elastic force of the air in AQ on the surface Q 
of the mercury is the same as the elastic force 
of the air on the surface P of the mercury. 
If the pressure of the air on the surface P 
increase, the mercury will sink in PB and 
rise in QBA^ and the air in AQ will consequently be con- 
densed. And the degree of condensation of the air in ^§ 
will shew accurately the degree of increase of elastic force on 
the surface P of the mercury. 

Let now the gauge be attached by the screw B to the 
receiving vessel of the condenser (as at F, in fig. Art. 103). 
Then the stop-cock at E being open, there will be a free 
communication between the air in the receiver and the surface 
P of the mercury. And the elastic force on the surface of the 
merdury will be the same as the elastic force on any portion 
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of the surface of the vessel equal to the surface of the mercury. 
Hence the surface P will sink and Q, will rise, and the degree 
of condensation may be accurately measured. 

Cob. 1. The amount of pressure to which a vessel is 
aubjected when water is forced into it, as in the experiment 
(Art. 17), of the compressibility of water, may be measured 
in this manner. 

Cob. 2. The distance ^Q decreases inharmonic progres- 
sion. For the density of the air is inversely as the space it 
occupies, and the density increases in arithmetical progression. 
Hence the distance A Q being inversely as the density is in an 
harmonic progression, for the recij)rocals of quantities in har- 
monic are in arithmetic progression. 

The Air-gun. 

106. The Air-gun is an instrument for projecting balls 
or other missiles by the elastic force of condensed air. The 
elastic force of air in a given space increases as the density 
(Art. 90) ; hence, if a large quantity of air be forced by 
means of the condenser into a strong metal receiver, the elastic 
force of the air in this receiver may become very great. A 
communication can be made between the receiver and a gun- 
barrel, and a ball being placed in the breech of this barrel, and 
fitting it nearly air-tight, is exposed to the elastic force of this 
condensed air the instant the communication is opened, and 
driven out of the barrel as by the expansive force of gunpow- 
der. The force of projection obviously depends on the degree 
of condensation of the air in the receiver. 

The schoolboy's Pop-gun is a familiar instance of the 
action of the elastic force of condensed air. 

The Diving Bell. 

107. If any vessel, as a large bell or chest, be inverted 
over water, the air will occupy the upper part of the chest, 
and diminish in bulk in proportion to the depth to which 
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it is sunk. At a depth of about 34 feet the 'air ■will be 
diminished "by one half its bulk; for the pressure of a column 
of water of this height is nearly equal to the elastic force 
of the air at the surface of the earth, and consequently the air 
in the vessel sustaining double the pressure which it didbefore 
the chest was sunk, will occupy half the space. 

Now it is necessary to keep the bell clear of water, so as 
to allow sufficient room for the workmen; and this maybe 
done either by making it very deep, or, as is more convenient, 
by forcing more air into it by a condenser. The condenser is 
placed at the surface of the earth, and communicates with the 
interior of the bell by a long flexible pipe. Then <a» the air is 
forced in, the elastic force increasing 'with the condensation, 
keeps the bell clear of water. In a short time the air in the 
diving bell would become unfit for respiration, and the supply 
of fresh air which is forced in by the condenser not only serves 
to keep the bell clear of water, but is absolutely; necessary for 
the existence of the diver. As fresh air is forced in, the 
impure air may be let out by a stop-cock ; or, when the bell 
is quite clear of water, a portion will escape into the surround- 
ing water at each stroke of the condenser ; and, rising through 
the water in bubbles, escape at the surface. 

The diving bell receives, its name from the shape originally 
jp.ven to it ; it is now generally constructed as a deep oblong 
chest, narrower at the top than at the bottom. 

108. Prop. To determine the space clear of water in a 
dimng hell sunk to a given depth. 

Let V be the content of the bell, and h the height of a 
column of water whose pressure is equal to that of the atmo- 
sphere, that is, to the elastic force of the air in its natural state. 

Let the top of the bell be sunk to a given depth h' below 
the surface of the fluid, and let V be the content of the part 
of the bell which is clear of water. 

Let X be the depth of the surface of the water below the 
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top of the chest. Tlien the pressure at any point of the sur- 
face of the water in the hell is the weight of a column 
h + h'+x, being as the depth below the surface of the water; 
and the elastic force of the air being inversely as the space 
occupied, we have 

h :h+1i'+x:: y - yi', 

.■.r=- ^^ 



a general expression whence the space may be found. 

Ex. 1. Let the bell be a prismatic chest, whose height 
is a. Then 

V : r :'. X : a; 
V'x^ h _ 
V~ a~ h+h'+x' 
.: x'+{h+h')x=ha, 
and x=-iih+h') ^J\{h+h'f+ha; 
whence for any given values of h, h', a, the portion clear of 
water may be found, the positive sign being adopted. 

Gag-meters. 

108 a. The construction and operation of gas-meters afford 
a good illustration of the laws of elastic fluids and of the 
action of an elastic fluid on a solid and a liquid. Gas-meters 
are of two descriptions, called technically, the ^Det and the drp 
meter. The object of both is the same, namely, to measure 
the quantity of gas used by the consumer and supplied by the 
manufacturer. 

Wet Gas-meters. The wet gas-meter derives its name 
from the fact, that water is employed in the measuring of gas, 
and is essential to the action of the apparatus. This descrip- 
tion of meter* consists of one hollow drum or cylinder, revolv- 

* This very beautiful and ingenious apparatus was the invention of 
Mr Clegg, who had a patent for it in 1815. See Webster's Patent Cases, 
pp. 103-106. 
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ing about a horizontal axis -within another hollow drum or 
cylinder, the inner drum being divided into compartments for 
measuring the gas, and revolving in water which occupies the 
lower part of the outer cylinder to a height above the axis, 
about which the inner drum revolves. The details of the con- 
struction may be varied, but the wet gas-meters have this 
common feature, that the gas is measured in the compartments 
of a drum, which compartments are occupied successively by 
gas and water, the drum being made to revolve by the pres- 
sure or elastic force of the gas acting on the compartments of 
the drum in succession. The revolutions of the drum being 
registered by suitable apparatws, the quantity of gas which 
has passed through the meter by so filling the compartments 
in succession, will be aceurately measured. 

In the annexed figure, the outer circle represents the outer 
case or drum of the meter, within which a drum divided into 
compartments A, B,G, D revolves aboutan horizontal axis e- 
The gas to be measured is brought into the meter by a pipe 
passing horizontally in the direction of the axis of the inner 
and outer cylinder, and turned up at the end so that its orifice 
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a may stand above the water-level fy. The four compart- 
ments A, B, C. D, are similar in every respect, each having 
an inlet b by which the gas enters the compartment, and an 
outlet e by which it passes out of the compartment into the 
upper part of the outer case, whence it may pass by a pipe k 
in any convenient direction. The gas beii^ admitted into the 
meter, will pass the inlet b into the part of the compartment A 
which is just rising out of the water; the gas presses equally 
on the surface of the water and on the side h of the compart- 
ment A ; the effect of this pressure on the side k is to cause 
the inner drum to revolve, whereby the compartment A is 
raised more and more out of the water, and as it rises, it fills 
with gas until it occupies, by the revolution of the drum, the 
position in space of the compartment B, as to which it will be 
observed that the inlet b has just dipped below the surface of 
the water, and the outlet c is just coming to the sur&ce of the 
water. The outlet c having risen above the surface, the gas 
will escape into the upper portion of the outer case. As the 
gas passes out of a compartment in the situation of B, by the 
outlet a, water wiU enter by the inlet i, and as the drum 
revolves the compartment A having occupied the position in 
space of B and C comes into the position D, when it is entirely 
emptied of gas and filled with water, until by further revo- 
lution of the drum, the compartment having come again into 
the position of A begins to fill with gas, as already described. 
That which has been described for one compartment takes 
place for the other three ; and it will be seen that there will 
always be two compartments discharging their gas into the 
outer case above the water-level, one compartment filling with 
gas, and as it fills causing the inner drum to revolve, and one 
compartment full of water. The motive power causing the 
inner drum to revolve, is the pressure of the gas in the mains 
as transmitted from the gasometer at the gas-works (Art. 127), 
and the quantity of gas will be ascertained from the number 
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of compartments which have filled and emptied, that is, from 
the numher of revolutions of the inner drum^ which are regis- 
tered by a train of wheel-work and a dial-plate io the usual 
manner. The gas so measured and passed through the meter is 
conveyed to the lights by a pipe communicating in any con- 
venient manner with the outer case, and the action of the meter 
is suspended when the gas does not pass away. It will be 
observed, that the quantity of gas measured will be affected 
by the height of the water in the meter, the portion of the 
compartment which is occupied by gas being greater or less, 
according to the level of the water, whereas the inner drum 
will revolve whatever the height of the water within certain 
limits. If the water rises above the top of the supply pipe a, 
the entrance of the gas may be stopped altogether, and if it 
sinks so low that the orifices h and c are not sealed or closed 
and opened simultaneously, the gas may pass through the 
meter without causing the inner drum to revolve. Hence 
every gas-meter is or ought to be adjusted to a certain water- 
level ; if the water rise above this level each compartment will 
measure too little gas, and since the numher of revolutions is 
the same whatever the available space in the compartment for 
holding gas, the consumer will be defrauded ; on the other 
hand, if the water sink below this level, since the available 
space in each compartment is larger than was calculated on, 
the manufacturer will be defrauded. Various causes are in 
operation to occasion a variation in the water-level, and the 
necessity of preserving it has given rise to several ingenious 
contrivances for discharging any excess or supplying any 
deficiency of water; upon the details of which, however, it 
would be foreign to our purpose to enter*. 

Dry Gas-meters. ' The inconveniences attendant on the 
wet gas-meters, from the difficulty of maintaining a perma- 
nent water-level, led to the invention by Mr Defries of the 
• See On the Manufacture of Gas, by Samuel Clegg, jun., 4to. 
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dry meter, consisting in its simplest form of two chambers, so 
contrived as to expand or dilate on the gas entering from the 
gas-holder and to contract on the gas passing out to the con- 
sumer, the alteration in the capacity of the chambers as they 
fill and empty alternately being effected by a moveable dia- 
phragm of flexible materials, or of plates fastened together and 
connected with an apparatus whereby the number of chambers 
filled and emptied may be registered. In this meter also the 
felastic force or pressure of the gas is the motive power, and 
various modifications and arrangements of a diaphragm have 
been adopted for the purpose of reducing and obviating its 
rigidity and resistance to motion. 



CHAPTER VIII. 

ON THE ATMOSPHERE. 



109. In the instances presented to our notice by nature, 
space is occupied by a material substance, for tbe moment 
any substance is removed^ the surrounding air rushes in 
and fills its place. This circumstance gave rise to the 
ancient physical dogma, that nature abhors a vacuum, 
which seemed to explain the cause of a supposed law in 
ph3rsics, that it is impossible for space to exist unoccupied 
by matter. Suction by the mouth affords a ready illus- 
tration, for if the air be withdrawn from a tube, one end 
of which is immersed in water, the water succeeds imme- 
diately in the tube as the air is withdrawn. The fact is 
certain, and the explanation of the phenomena was, that 
because nature abhors a vacuum, she compels the water 
to occupy the space deserted by the air. The rise of the 
water on raising the piston of the suction-pump was ex- 
plained in the same manner. The suspension of fluid in 
tubes inverted with open ends immersed in a vessel con- 
taining the same fluid was explained in the same manner; 
and tlie natural gravitation of the suspended column on the 
fluid in the vessel was supposed to be counteracted by 
the adhesion of the upper surface of the column to the 
top of the tube ; and nature's horror would not permit 
a separation between these two surfaces, except in the case 
of a column of mercury of more than 29 inches, which was 
sufl&cient to take off layers of mercury, and thereby make 
a chain to let down the column to this height above the 
surface of the mercury over which it was inverted*. 
* See Cotes'i Hydrostaiict, Lecture vii. 
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110. Discoveries of Torricelli and Pascal. But an at- 
tempt being made to raise water from a depth of more than 
32 feet, it appeared that nature's horror here too had limits, 
and only extended to 32 feet, and that her disinclination 
to an empty space did not extend beyond this. 

From this circumstance Torricelli argued that whatever 
be the power which sustains the column of water, its energy 
must be measured by the weight of the column ; and con- 
sequently, that if a heavier fluid be used, a much less column 
would be sustained. He tried mercury, which is nearly ]4 
times heavier than water, and the consequence was, that the 
column sustained in this case was about iVth the column of 
water, or about 28 inches. The identity of the cause which 
operates in the two cases was thus satisfactorily established, 
and the cessation of the gravitation of the fluid being most 
improbable, Torricelli sought the true cause in the pres- 
sure exerted on the surface of the fluid exposed to the atmo- 
sphere. 

If the pressure of the atmosphere is the true cause of 
these phenomena, a less column of fluid would be sustained 
when the pressure is less. And this pressure being the 
weight of the superincumbent column (Cor. Art. 43) would 
be less as the column is less; that is, the pressure would 
be less at the top of a mountain or building than at the 
bottom, and a less column ought to be sustained at the upper 
than at the lower stations. The experiments of Torricelli and 
Pascal shewed clearly that this is the case. 

111. Prop. To make a Barometer, 

Experiments on this subject are usually made with a 
barometer, which is constructed in the following manner. 
A small glass tube of about 32 inches in length, with one 
end hermetically closed and the other open, is filled with 
mercury, and a finger being pl^^ced over the open end, is 
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inverted in a vessel of mercury called the cistern or basin, 
and the finger being removed, the mercury in the tube com- 
municates with the mercury in the basin, and will stand at a 
height varying from 28 to 31 inches above the mercury in the 
basin. The internal diameter of the tube should not be less 
than one-eighth of an inch. The mercury should be perfectly 
dry and pure, and the tube also perfectly dry j for if there be 
any moisture it will expand into an elastic vapour when the 
pressure of th^ air is removed, which ascending intQ the 
vacuum at the top of the tube will depress the mercury. The 
moisture and air may be expelled from the mercury by boiling 
it in the tube. When a barometer is well filled, the space at the 
top is the most perfect vacuum with which we are acquainted. 

112. Pkop. The mercury is sustained in the barometer 
hy the pressure of the air upon the surface of the mercury in 
the basin, and the pressure of the atmosphere is accurately 
measured by the height of this column. 

Let the barometer be placed under the receiver of an 
air-pump, then as the air is exhausted the mercury sinks 
in the tube; and if all the air could be exhausted, so that 
no pressure would be exerted on the surface of the mercury 
in the basin, the surfaces of the mercury in the tube and 
in the basin would coincide. When the air is admitted 
again into the receiver, the mercury rises in the tube to it^ 
former height. 

The pressure of a fluid on any portion of the surface 
is the weight of the superincumbent column of the fluid 
(Art. 43). And here the pressure of the mercury in the 
tube AB on the surface CmD of the mercury in the basia 
is the weight of the superincumbent column jPm, if P be 
the surface of the mercury in the tube. And this pressure 
is balanced by the pressure of the air on the surface of 
the mercury in the basin. 
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Now when a fluid is at rest, the pressure on all equal 
portions of the surface is the same. (Cor. Art. 
31.) Hence the pressure of the air on any 
portion of the surface of the mercury in the 
hasin equal to the section of the column sus- 
tained in the tuhe, is equal to the pressure 
of this column. But these pressures are the 
■Weights of the superincumhent columns. 

And the weight of a superincumhent co« 
lumn whose section is unity is (Art. 33) 
p=gpz. 

Hence if the section of the barometric 
column be equal to the unit of area, the 
weight of the atmosphere, being equal to 
the weight of this column, is gpz. 

CoR. The weight of the atmosphere is gpg where p 
and z refer to the barometric or mercurial column. But the 
same expression would give the weight of the atmosphere if 
p and z referred to the atmospheric column. But these 
quantities evidently cannot be determined directly for the 
atmosphere. 

113. Prop. To correct the barometric column for the 
rise and fall of the surface of the mercury in the cistern. 

As the surface P of the column sinks, the surface CmD 
rises. Let Q and n be other corresponding positions of 
the two surfaces. Thus the two surfaces move always 
together but in opposite directions ; and PQ is the apparent 
■variation of the barometric column, but the real variation is 
PQ + mn. Now if the area of the cistern be very large, as 
compared with the area of the tube, the quantity mn will 
be insensible, and the apparent" variation may be taken for 
the real one without sensible error. 
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It is however very Inconvenient to have a large cistern ; 
and the quantity mn by which PQ is to bo increased, may 
be readily calculated for every value of PQ, and marked 
on the barometer. The calculation is as follows. Let K be 
the horizontal section of the cistern, and k of the tube, then 
k.PQ^K.mn; 



mn=^PQ 



the real variation 



= PQ+7nn = PQ + -^PQ 



-(-l)^«- 



The ratio ^ is constant in the same barometer; and the 

real variation is therefore known for every value of PQ. 

If m be the zero point of the scale of inches, the appa- 
rent height of the mercury is Qm. 

But the true altitude = Qn 

= Pm-{PQ + mn) 



= Pm 



(l4)PQ. 



k 
The correction -^ PQ is called the correction for the 

relative capacity of the tube and cistern, and its value Is 
marked on most barometers. 

114. True barometric column. If the surface of the 
mercury in the cistern ia always at the same height, the 
true altitude and variation of the barome;tric column will be 
given at once by the scale of inches, without any correction 
for the relative capacity. This may be effected by making 
the cistern with a moveable bottom, which fits accurately, 
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and may be elevated or depressed by means of a 
screw, according to the rise or fall of the baro- 
metric column; so that the mercury in the cistern 
being elevated or depressed, its surface may 
always meet the point of an index D attached to 
the cistern. The extremity of this index is in the 
same horizontal plane as the zero of the scale of 
inches, When the tube AB ie vertical. Thus the 
scale of inches gives at once the height of the 
mercury in the tube above the mercury in the cis- 
tern, that is, the true barometric column. The 
tube AB, except a small opening between the 
28"" and ST' inches of the tube opposite which the 
graduation is placed, is enclosed in a strong case 
and firmly attached to the cistern, and a very 
small hole is left at some point £! for the action 
of the atmosphere on the surface of the mercury in the cis- 
tern*- 

115. Prop. To f/nd the altitude of the mercury in the 
barometer when a portion of air has been allowed to remain 
in the tube. 

In order that the barometric column may indicate the 
exact weight of the atmospheric column, there must be no 
air or vapour left above the surface of the mercury in the 
tube (Art. Ill); for if any is left there, it will exert pres- 
sure on the surface of the mercury and assist in balancing 
the atmospheric column, so that the barometric column will 
not stand so high as it ought to do: the inaccuracy arising 
from this cause may be allowed for in the following manner. 

Let as much air be left in the tube as in the natural state 
of the atmosphere would occupy the space j4P (fig. Art. 112), 



* Various ingenious expedients are adopted by diiTerent instrument- 
makers to adjust the surface of the mercury with convenience and 
accuracy. See Chap, xvi, as to the effect of Capillary Attraction. 
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and when the tube is inverted over mercury, let the baro- 
metric column stand at Q, then the air expands itself and 
occupies the -whole space AQ. 

Let a be the height of the end A of the tube above the 
surface of the mercury in the cistern, and x the height of 
the surface Q and AP=b. 

Let h be the height of the true barometric column, that 
is, of the column of mercury which would be sustained by 
the weight of the atmosphere, or by the elastic force of the 
air when contained in the space A P. 

Now Q being the position of the surface of the sustained 
column, we have 

weight of the atmosphere = weight of column Qm + elastic 
force of air ia AQ. 

But the weight of the atmosphere =^/)A, and the weight 
oiihe colwmn Qm=ffpai; substituting then in preceding 
ffph =gpx + elastic force of air in ^4. Q ; 

/. elastic force of air in AQ=gp{h- x). 
Elastic force of air va. AQ : elastic force in AP :: j^ : -jp, 

OT gp {h-x): gph :: ^-— ^ : - ; 

.•.ih-x){a-x)=M> (1). 

Solving the equation 

x-=^(a + h)± ^Jia + hy~ 4,h {a- b) (2). 

Cob. 1. The values of b in the preceding proposition 
must lie betwixt zero and a. 
Let b = ; then 

= A or a, 
the former of which is the case of a perfect barometer, the 
latter inadmissible. 
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Let b = a; thea x = 0, or (a + A), 

in the former case the meroury does not rise in the tube; 
the latter is inadmissible. 

When b has intermediate values betwixt and a the 
upper sign must be used,, as will be seen in any solution. 

Cob. 2. The preceding equation may be employed to 
ascertain any one of the quantities, the other three being given; 
it will generally, however, be applied to correct the apparent 
barometric column for a given quantity of air or vapour left 
above the mercury, or to ascertain the quantity of air for a 
given depression. 

Diagonal Barometer. 
116. The entire variation of the mercury does not in 
general exceed 3 inches, hence very 
small variations in the state of the at- 
mosphere are with difficulty observed in 
a vertical barometer. Various contriv- 
ances have been suggested for increasirg 
the range of the mercury in the tube, and 
thereby rendering the least change per- 
ceptible. One contrivance for effecting 
this consists in bending the upper 3 or 4 
inches of a barometer tube into an 
oblique position, as represented in the 
figure. The variation ' which in the 
common vertical barometer takes place 
through the space CD, has a greater 
range in the diagonal arm CA, and any 
change in the height of the mercury will be increased in the 
ratio of the length of CA to the length of CD. 




Barometer. 

117. The contrivance most frequently used for enlarg- 
ing the scale is represented in the accompanying figure, and 
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known by the name of ilie Wheel Barometer. A common 
barometer tube is bent so that AB and BG may be parallel, 
and AB about 31 inches longer thaR BC The tube AB is 
filled with mercury, whicli will rise in BG 
until the difference of the levels of P and Q 
«qnals the height of the column, whiph is 
equal to the pressure of the atmosphere. 
On the surface of the mercury in BO floats 
an iron ball to which a string is attached, 
and carried round a wheel at D, having at 
its extremity a weight E nearly equal to the 
iron ball. The iron bP^U then just flo:i<ts on 
the surface Q of the mercury, and as it as- 
cends or descends the wheel D revolves and 
carries a hand or index pointing to the divi- 
sions of a ^aduated plate. The section oi 
the legs AB and BG being of eqiial area, 
the change in the height of the baTometric 
column is double the change of the surface Q. 
Now the barometric column changes through about B inches ! 
hence the change of the surface Q will be about Ig inch. 
If then the circumference of the wheel JD be Ig inch, the 
hand will be carried completely round the dial-plate by the 
ordinary changes of the barometric column in this climate. 
The dial-plate may be any size, so that the shghtest variation 
will be perceptible. Suppose the rim of the plate to be 
divided into 300 equal parts, then the motion of the index 
over one of these parts will indicate a change in the surface 
of the mercury equal to a 300"* part of its whole change, 
that is, equal to s^th of I5 inch, that is, a 200* part of an 
inch. And the real change in the barometric column is double 
this, or a 100"' part of an inch. The extremely small 
variation then of the one hundredth part of an inch in the 
barometric column is readily exhibited by a wheel barometer, 
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But there are sources of inaccuracy arising from the friction 
of the wheel, the humidity of the string, and the weight 
of the iron ball, which render this instrument unfit for 
scientific observations, and less valuable than the simple 
barometer. 

118. On the Weather. The wheel barometer is in very 
general use as a Weather-glass. The barometer column is 
observed to fiucttiate in connexion with changes in the state of 
the weather ; hence rules are attempted to be established by 
which the coming state of the weather may be predicted from 
the height of the barometric column ; and the words " Fair," 
" Change," &c. are very commonly engraved on the wheel 
barometers, and sometimes on vertical ones. But nothing 
can be more fallacious than any attempt to predict the state 
of the weather from the absolute height of the mercury, since 
the absolute height difiers for every place on a different level 
(Art. 110); and a good barometer used thus, as a weather- 
glass, would indicate different states of weather at the bottom 
and top of a lofty house. But the state of the weather may 
be predicted from a change in the height of the barometric 
column ; and it may be observed, that when the mercury is 
rising its surface is convex, and when falling it is concave. 

It appears, according to the observations of Dalton, that 
the highest mean of the barometer upon six successive months 
is from March to August inclusive, and that the lowest mean 
of rain is during the same six months ; thus the quantity of 
rain and the height of the barometer are just the reverse of 
each other, the one being least when the other is greatest. 

It appears also, that the higher the barometer is above 
its mean annual state, the less rain there is ; and the lower 
it is below its mean annual state, the more rain there is *. 

* See Oalton's Meteorology, 2nd Edit. Essay vii.; and Howard's 
Climate of London. 
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The following rules are given by Dalton respecting the 
weather in connexion with the variations of the barometer. 

(1) The barometer is highest of all during a long frost, 
and generally rises with a N. E. wind. It is lowest of all 
during a thaw following a long frost, and is often brought 
down by a S. W. wind. 

(2) When the barometer is near the high extreme for 
the season of the year, there is very little probability of im- 
mediate rain. 

(3) When the barometer is low for the season, there is 
seldom a great weight of rain, though a fair day in such a 
case is rare. The general tenor of the weather at such times 
is short, heavy, and sudden showers, with squalls of wind 
from the S.W., W., or N.W. 

(4) In summer, after a long continuance of fair weather, 
with the barometer high, it generally falls gradually, and 
for one, two or more days before there, is much appearance 
of rain. 

If the fall be sudden and great for the season, it will 
probably be followed by thunder. 

(5) When the appearances of the sky are very pro- 
mising for fair, and the barometer at the same time low, it 
may be depended upon that the appearances will not continue 
long. The face of the sky changes very suddenly on such 
occasions. 

(6) Very dark and dense clouds pass over without rain 
when the barometer is high ; whereas when the barometer is 
low it sometimes rains'alnipst without any appearance of clouds. 

(7) AU appearances being the same, the higher the ba- 
rometer the greater the probability of fair weather. 

119. Prop. 1/ the atmosphere be conceived to he divided 
info a number of parallel strata of equal thickness, the mean 
.density of these strata will diminish in geometrical progression. 
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Let the atmosphere be divided into a number of strata of 
equal thickness and parallel to the surface of the earth, and 
let the density of each of these strata be considered uniform 
throughout the strata, that is, to be the mean density. Now 
the air being perfectly compressible, and the upper parts 
pressing on the lower (Art 9), the lower strata will be mor^ 
pressed than the upper, since they sustain a greater super- 
incumbent column; and the density being as the compressing 
force, will be as the weight of the superincumbent column. 

Let p„ p, p', be the density of any three contiguous 
strata. 

Then if p^, p, p', be the units of pressure on the 
upper surfaces of these three strata respectively, we have 
(Art. 90) 



\ 

'k 



••• P-P = %ip,-P\ 



P-P'=j.ip-P')> 
P-P'-P-P "V,-P'P-P'- 



But p,- pis the weight of a column of the second stratum 
■whose section is unity, and p —p' is the weight of a similar 
column of the third stratum, and these are as the densities of 
the strata ; 

.-. p,-p:p-p'"-p:p'; 
.\p,~p: p-p' -.-.p: p*; 

■'• pjp' ~PP' = P^- PP'> 

■'■ P=JpiP'i 
or the density of the intermediate stratum is a mean pro- 
portional between the densities of the other two. Hence 
it follows that the mean densities of the successive strata 
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of the atmosphere are in continued proportion j and if the 
distances be taken in arithmetic progression, the mean densities 
of the strata will be in geometric progression. 

Let unity be the mean density of the stratum next the 
earth, and r the ratio of the mean density of the next 
stratum to the density of this, then the mean densities of the 
successive strata of the atmosphere are 

\r,i^,ii^, 

120. Prop. The leeels of places may he ascertained hy 
means of the barometer. 

The most important scientific application of the barometer 
is to the purposes of levelling ; that is, to the determi- 
nation of the relative heights of places above the surface 
of the earth. For the barometric column being sustained 
by the atmospheric column, and the altitude of the former 
being an accurate measure of the weight of the latter, which 
is evidently less at higher levels than at lower, the diminished 
height of the barometric column will serve to determine the 
level of the place. 

Let jO, p' be the density of the atmosphere at any alti- 
tudes x and it', then since the density of the atmosphere 
decreases in a geometrical progression, if r be the common 
ratio of that progression, we shall have 
p : p' :: r^ : r^ ; 
P . 



then taking the logarithms 

X — X = , " 
log .r 

But if h and k' are the heights of the barometer at these 

two places, since the density is as the compressing force, 

which is as the weights of the barometric column, 

p _h 

w. p. H. 6 
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.•. x — x', or the difference between the heights of the places, 
which is the elevation of one place above the other, 

log. r 
Such is the fundamental principle of the admeasurement 
of heights by the barometer ; but several corrections are 
requisite to render the operation sufficiently accurate for 
practice. The most important corrections are those due to 
the variation of gravity, and the change of temperature at 
the two stations. Gravity varies inversely as the squares of 
the distance ; hence the weight of the atmosphere varies 
according to it, and the intensity of gravity is much less at 
the higher than at the lower station. 

Again, the higher station is much colder than the lower, 
and a correction in the elastic force of the air must be 
applied on this account, and it will also be necessary to 
correct for the variation of the bulk, of the mercury in the 
barometer. 

The formulas for the complete solution of this interesting 
question will be given in the four following articles : 

121. Prop. To find the difference of the altitude of two 
stations hy means of the barometer and thermometer. 

The general formulas which analysis* furnishes for de- 
termining the pressure for a point at a height g above the 
surface of the earth, g being the gravity at the surface, r 
the radius of the earth, and p, the value of jb when z = 0, that 
is, the pressure at the surface of the earth, is 

To apply this formula to determine the distance of any 
point above the surface of the earth. 

* See Theory of Fluids, Art, 82. 
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Let z be the height of the upper station, and let p be 
the value of /> at that point. 

Let T, be the number of degrees by which the tem- 
perature at the surface of the earth exceeds the standard 
temperature, and t' the number of degrees for the point 
at the height s^. 

Now the change of temperature as we ascend from the 
surface of the earth is gradual and nearly uniform for small 
elevations, hence there will be no great error in assuming 

the quantity & = ->-- — . 

Let hi, h' be the observed heights of the barometric 
column at the lower and upper stations, then since (Art. 
112) Pi = mgh„ p' = mffh', 

/ K' 
Making then these substitutions in the equation (1) and 
changing the sign, since 

log— i=— log — , we have 

whence z, the height above the surface of the earth, may 
be found, since all the other quantities are known, and the 
height of any other station being ascertained in the same 
manner, the elevation of one above the other is determined. 

122. The preceding equation will require several cor- 
rections. 

1". The temperature will be different at the station 
whose height is required, and at the surface of the earth, 
and the mercury will be denser at the colder place than at 
the other, and consequently the same atmospheric pressure 
sustains a less column than it would have sustained had the 

6—2 
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temperature remained unchanged. Hence to compare the 
pressures at the station and at the surface of the earth, the 
barometric column must be reduced to the same density ; and 
the column at the colder place must be increased by the 
quantity by which it would expand at the temperature of 
the warmer. 

Let /3 be the coefficient expressing the change in bulk 
which each unit of volume undergoes for each degree of 
temperature. 

Then since (t^ - t") is the diflferenoe of temperature of the 
two places (the upper being taken as the colder), each unit of 
bulk of the barometric column is diminished by /8 (t, — t') ; 
and this correction may be considered as due to the height 
simply, no correction being necessary for the diameter of 
the column, since glass and mercury expand and contract 
equally at ordinary temperatures. Instead therefore of using 
the observed height h', we must use 

h'{l+^(r,-r')}. 
Hence log A' is to be replaced by 
log A' {1 + ^ (t - t')} = log h' + log {1+/3 (t - t')} 
= logh' + M^(-r -■.'), 
nearly, where M is the modulus of the system of logarithms. 

2°. The force of gravity varies with the latitude, hence 
ff is not constant for all places on the earth's surface; and 
the general expression for gravity in terms of the latitude is 

where JE is the equatorial gravity, and n a known quantity. 
Then if G be the force of gravity at latitude 45°, 

G = ^(,.|). 

• Figure of the Earth. 
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g=G == G {1 - - (1 - 2 sin^A)} nearly 

= G (1 - - cos 2A). 

3°. The coefficient a will require some correction, and 
also the constant k. 

In determining the values of these quantities, the air was 
either supposed to be dry, that is, not to contain any aqueous 
vapour, or that the quantity of that vapour is constant. But 
as the temperature increases, the quantity of vapour increases 
also in the atmosphere, and the elastic force of the vapour 
being added to the elastic force of the air, the increment of 
volume for a given volume of air must be greater for air which 
contains vapour than for dry air, hence a must be increased 
by a small quantity. 

For the same reason h will require a small correction, 
since it expresses the ratio of the elastic force to the density 
at a given temperature of air that is dry, or contains a 
constant quantity of vapour. 

123. For practical purposes an approximate value of 
the general equation (2) (Art. 121), maybe found. Multi- 
plying up it becomes 

But^.;,'(i-^r=z; 

very nearly in all cases to which the barometer can generally 
be applied; 

.". Z =-[l+a -!— — ) log ^ 

where M is the modulus of the commoi) system of logai 
rithms. 
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Now - M may be taken €qual to 20117 yards, and - 
9 ^ 

equal to -x-^, as mean values. Whence 



z 



= ^°"7{^^^}^«^§' 



which will be found a convenient formula for determining 
in yards the elevation of one station above another, the tem- 
peratures being the number of degrees above 32° F. 

124. Prop. To find the height of a homoffeneous at- 
mosphere. 

Since the upper parts of fluids gravitate on the lower 
(Art. 9), the lower parts of a compressible fluid, as the 
atmosphere, must be more dense than the upper, and the 
air must diminish in density as we ascend, so that the density 
is a very variable quantity. If the atmosphere were of 
one uniform density, the height of it would be readily cal- 
culated ; but as this is not the case, the height of it can 
only be calculated on some hypothetical law of its density; 
as for instance, that it is homogeneous, that is, that the 
density throughout is the same as its density at the surface 
of the earth. 

Let p' be this density and z the height of this atmo- 
sphere, then c/p'z' is the weight of a column whose section 
is unity; and ffpz being the weight of the barometric column 
in equilibrium with this, 

gpz=gpz; .: z' = ^,z. 

Now the mean value of z is 30 inches, and the ratio of 

the densities being as the specific gravities of the substances, 

(Art. 77) 

p 13-58 1368 ,„, 

— = = X 10 ; 

/ -001299 1299 
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1358 



X 10* X 30 inches 
yards 



1299 

1358 X 10' X 3 



1299 X 36 
679 X 10" 



7794 
8710 



= 8710 nearly 



-1760 '"^'"' = *'^' 
or tlie height required is about 5 miles. 

125. Psot. TM mean value of the atmospheric pressure 
in this climate it about 15lbs. on the square imh. 

The barometric column which is sustained by the Weight 
of the column of the atmosphere is subject to certain fluc- 
tuations, being higher at one time than at another. Hence 
the weight of the atmosphere is also subject to a like variation, 
exerting a greater pressure at one time than at another. 
But in this climate the mean height Of the barometer may be 
taken at 30 inches, and the mean pressure of the atmosphere 
will be the weight of a column of mercury of this hieight ; 
and the section of these columns being equal to a square inch, 
the weight of the barometric column will be the weight of SO 
cubic inches of mercury; therefore the atmospheric pressure 
on a square inch 

= the weight of a cubic inch of mercury x 30 
= 7-85 X 30 ounces, (Ex. 6. Art. 87) 

= ^ lbs. = 14-9, 
or the pressure on a square inch is about 15lbs. 

126. Pkop. The elastic force of any portion of atmi)-' 
spheric air is measured hy and in equilibrium ibith the weigM 
of the atmospheric column and conversely. 

The pressure of the atmosphere at any point may be 
referred in terms to the elastic force of the air, or to the 
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weight of the atmospheric cohimn at that point ; and although 
in considering the question of atmospheric pressure, the 
atmosphere being in a state of equilibrium, it is immaterial 
■whether we speak of the elastic force of the air or the weight 
of the atmospheric column, it is important that the attention 
of the student should be directed to the consequences of the 
laws of elastic fluids as influenced by temperature (Art. 92), 
when the pressure of the atmosphere is under consideration. 

Let any portion of the atmosphere be conceived to be 
separated from the rest, and inclosed in an expansible envelope, 
then if the temperature of the air so inclosed be raised, its 
elastic force will be increased (Art. 91)' ^^^ t^^ envelope will 
expand until by the increase of volume and consequent 
decrease of density (Art. 90). the elastic force of the enclosed 
air becomes equal to the weight of the atmospheric column. 
If the temperature of any portion of air be lowered, the elastic 
force will be diminished, and the volume decrease, until the 
pressure due to the elastic force of that portion of the air is in 
equilibrium with the atmospheric column. That which has 
been just illustrated by supposing a portion of the air to be 
enclosed in an expansible envelope, is constantly going on in 
the surrounding atmosphere; the elastic force of the air is 
subject to continual changes arising from variations in tempe- 
rature, and its consequent expansion and contraction, until 
the pressure due to the elastic force becomes equal to and in 
equilibrium with the pressure due to the weight o,f the 
atmospheric column, give rise to the motions of the atmosphere 
which exhibit themselves in winds and currents. "When then 
the atmosphere is in equilibrium, the elastic force of the air 
at any point is in equilibrium with and measured by the 
weight of the superincumbent atmospheric column at that 
point, and conversely the weight of the superincumbent 
atmospheric column is measured by the elastic force of the 
air. 
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126 a. Aneroid Barometer. This instrument illustrates 
the proposition of the equilibrium ■which may subsist between 
the elastic force of air and the weight of the superincumbent 
column of the atmosphere. A vessel, as a flat cylindrical dishj 
is covered with a flexible diaphragm or plate, so as to be 
hermetically closed. A portion of the enclosed air being 
removed by suction from the interior the diaphragm becomes 
slightly depressed, that is to say, to such an extent as to 
establish an equilibrium between the weight of the atmo- 
spheric column on the exterior and the elastic force of the 
air in the interior ; the amount of this depression will depend 
on the weight of the atmospheric column, that is, on the 
state of the weather, and suitable mechanism being provided 
to measure this depression and exhibit its amount on a dial 
or any convenient scale, the instrument may be used for like 
purposes as the mercurial barometer, with the advantage of 
greater portability. 

The deflexions of a flexible diaphragm may also be used 
for measuring the varying pressures of steam, gas, and other 
elastic fluids; as in the manometers and pressure-gauges in 
common use. 

127- Illustrations. The preceding articles may be illus- 
trated and explained by the following, amongst other familiar 
illustrations. 

Effects of the atmospheric pressure. The atmosphere, as 
we have seen, presses with a weight which is equal to 
15 pounds on every square inch of surface, hence our bodies 
must sustain an enormous pressure, of which we are not 
sensible by reason of the equality of pressure which exista 
on all sides, and the consequent freedom of motion of our 
limbs without sensible resistance. But though we are not 
sensible of this pressure, we may easily become so. For let 
the equality of the pressure to which our bodies are subject 

6—5 
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be destroyed by the removal of the air from any one portion 
of the body, then we are immediately made sensible of the 
enormous pressure which the rest sustains. For instance, 
let the air be exhausted by the air-pump from beneath a 
hand, which is placed over the open top of a cylindrical 
receiver; then the hand will be pressed down so firmly on 
the edges of the vessel that it will be impossible to raise it ; 
and if the air be removed from one side of a piece of bladder 
tightly stretched over the open end of a receiver, the bladder 
wOl bend inwards more and more at every stroke of the 
pump, and finally burst. Let a tumbler or a cupping-glass 
have the temperature of the air increased within it by holding 
it over a spirit-lamp, then as the air within the glass becomes 
heated it expands, and a portion escapes into the surrounding 
atmosphere, and the elastic force of the air within the glass 
is in equilibrium with the pressure or weight of the atmo- 
spheric column at the mouth of the glass, when this expansion 
and its consequent motion ceases. Let the glass now be 
placed over any part of the body, then the pressure of the 
atmosphere on that part is replaced by the elastic force of 
the air in the cup, and no change is observable so long as 
the temperature of the air under the glass and its elastic force 
remain unchanged; but so soon as that temperature and 
elastic force of the air within the glass diminish, the flesh 
swells out into the glass by reason of the external pressure 
at the surface not being in equilibrium with the pressure 
below the surface of the skin. 

The effects of this pressure as exhibited in pumps and 
siphons, in diminishing evaporation, and in preventing water 
from appearing to boil at a less temperature than 212 degrees, 
will be mentioned hereafter. 

Inverted Vessels. A vessel full of liquid, as a tumbler of 
water, may be inverted, and the liquid will continue sus- 
pended whenever the height of the liquid column is not such 
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that the weight of any qolunin of it is greater than the weight 
of the atmospheric column of the same section. But the 
equilibrium of the fluid will not in general subsist under these 
circumstances. For the equilibrium when it subsists being 
unstable^ any disturbance causing the least displacement in 
any of the particles at the surface, will destroy the equili- 
brium. A piece of paper laid on the surface of the water, 
will insure the stability of the surface, and the vessel may 
then be inverted and the water will continue in equilibriunl, 
the particles at the surface being insured from displacement 
by the rigidity of the paper. 

But the most usual taethod of insuring this stability is 
to invert the liquid over a vessel containing another liquid, 
as in the barometer and following examples. 

Pneumatic Trovyh. The use of the pneumatic trough in 
chemical laboratories depends on the pressure of the atmo- 
sphere. If any vessel be filled with a liquid and inverted, 
having its mouth plunged in a cistern of the same liquid, 
the liquid will remain suspended in the vessel, if the height 
of the vessel be not greater than the height of the column 
of the liquid which the atmospheric pressure will support. 

When a vessel is so filled, if a tube be inserted under it 
communicating with a supply of gas, the gas passing through 
the liquid will rise in bubbles to the top of the vessel, and 
dislodge all the liquid from the vessel. When the surface 
of the liquid in the vessel is in the same plane with the 
surfaee of the liquid over which it is inverted, the gas exerts 
the same pressure on the containing vessel as an equal qfuantity 
of the atmospheric air would, do. 

The Gasometer or Gasholder of the gas works may be 
mentioned here. It is made of various shstpes and sizes, 
generally however cylindrical, and from about SO to 80 feet 
in diameter, and 1 8 to 20 in height. It is closed at the top 
and open at the bottom, and inverted over a pit of water, 
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into which it sinks as it becomes empty, and out of which 
its edge cannot rise when full. Now the gas would not, 
under the pressure only of the atmosphere, flow with suffi^^ 
cient velocity through the mains and pipes to supply the 
lights; and the velocity with which it does flow may be 
regulated accurately by the weight of this gasholder, since 
the heavier it is the greater will be the density of the gas 
within it, and the greater the elastic force and velocity of 
the issuing gas. 

127 «. Atmospheric Bailway. The pressure of the atmo- 
sphere may be rendered available for the purpose of pro- 
pulsion, in a manner which presents an instructive practical 
application of the laws of elastic fluids. 

The weight of the atmosphere, or the elastic force of the 
air (Art. 126), produces a pressure which is the same on all 
sides of a body with which the air is in free contact ; and if 
a piston be inserted in a horizontal tube or pipe open at both 
ends, the pressure of the air on each side of that piston is 
the same : if one end of the pipe be closed so as to cut off 
the connexion with the external air, other things remaining 
the same, the pressure on each side of the piston will still 
be the same, that is, the pressure due to the elastic force of 
the air in the closed portion of the tube will be in equili- 
brium with the pressure due to the weight of the atmo- 
spheric column in the open part of the tube. Now if any 
portion of the air be withdrawn from the closed portion of 
the tube by an air-pump, the density and consequently the 
elastic force of the air on the side of the piston from which 
the air is so withdrawn will be. diminished, the equilibrium 
which subsisted between the pressures on the two sides of 
the piston will be destroyed, and the excess of the pressure 
on the side of the piston open to the air, over the pressure 
on the side of the piston from which air is so withdrawn, 
may be rendered available as a moving power. 
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The arrangements whereby this motive power may be 
obtained and rendered available for propulsion, as exhibited 
in the atmospheric railway, are as follow : 

A cast iron pipe of about 9 inches internal diameter, and 
with a longitudinal slit on the upper side, is laid on the 
ground between the rails ; this slit is covered by a longitu- 
dinal valve made of plates of iron and leather, or caoutchouc, 
fastened down to one side of the slit, about which side the 
plates are capable of moving as a hinge, the other edge of 
the valve being made to fit close to the other side of the slit, 
and rendered air-tight by some suitable composition. A 
piston is fitted to the pipe ; to the stem or rod of the piston, 
but behind the piston, is fixed an arm, which, projecting 
through the slit of the pipe, (the valve being raised at its 
side,) is attached at its other end to the carriage which is to 
be propelled along. 

At intervals of about two miles, (on the London and 
Croydon Railway,) stationary engines were erected to work 
air-pumps for the purpose of exhausting the air from the 
pipe. The pipe having been exhausted to the required degree, 
the excess of the pressure of the atmosphere on the one side 
of the piston over the elastic force of the air in the exhausted 
pipe on the other side of the piston, gave motion to the piston, 
which travelling along the pipe with a velocity (cceteris 
paribus) due to the degree of exhaustion, carried along the 
carriage and train attached to the piston -carriage*- 

Instead of having the slit in the pipe closed by a valve 
lifted and opening at the side, it has been proposed to have 
the slit closed by a flexible diaphragm securely fastened down 



* It would be foreign to our purpose to enter upon the various me- 
jchanical arrangements essential to the practical application of this prin- 
ciple, and for which we are indebted to Mr Clegg and Mr Samuda. It 
has been found too expensive and inconvenient in cases in which the lo- 
iximotive engine can be employed, and is not now (a.d, 18S3) in use. 
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at each side, and that the motion should be transferred from 
the piston in the interior, by causing the diaphragm to be 
raised by a wheel in the interior as the piston travels on, 
the raised portion of the diaphragm always pressing against 
a wheel attached to an arm projecting from the carriage to 
be moved forwards, and forcing it on. In this case suitable 
arrangements must be made for letting in the air behind the 
piston, so as to keep up the atmospheric pressure on the 
hinder side of the piston. 

It has also been proposed to transfer the motion from the 
piston to the carriage, by means of two racks or toothed-plates, 
one in the inside and attached to the piston-rod, and the other 
on the outside of the tube and attached to the carriage ; these 
racks are to work in two pinions, one at each end of a succes- 
sion of spindles placed vertically in recesses by the side of the 
pipe, and turning in air-tight collars ; provision being made 
for raising the spindles from their seats when the piston has 
passed by them, so as to let in the air behind the piston* 

Whatever may be the mechanical details of the arrange- 
ments for working the atmospheric railway, the principle of 
obtaining motion by destroying the equality of pressure on 
the two sides of a piston in a pipe is the same in all. The 
piston cannot move until a certain degree of exhaustion has 
been obtained, and for this purpose it is necessary that the 
air-pumps should be at work some time before the train 
starts ; in practice they are at work almost continuously, the 
pipe being divided into certain lengths by internal valves of 
a very ingenious construction ; this preliminary or continuous 
working of the air-pumps affords an illustration of the ac- 
cumulation of power, somewhat different from that presented 
by a large fly-wheel, or vessel of compressed air, the momen- 
tum and elastic force of which respectively are to be con- 
centrated and expanded on some operation requiring great 
force, and to be performed instantaneously, or within a very 
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short time as compared with the period during which the 
power was being accumulated. The more perfect the ex- 
haustion, the greater will be the available moving power; 
the theoretical limits of the degree of exhaustion will be 
similar to those already explained (Art. 99) '• in practice the 
degree of exhaustion varied from about 15 to 25 inches of 
mercury (Art. 100). 

128. Constitution of the Atmosphere. Pure atmospheric 
air consists of 20 or 21 parts of oxygen, and 80 or 79 of 
nitrogen for every 100 measures. But the atmosphere is never 
absolutely pure, since there is always a certain quantity of 
carbonic acid gas, and of watery vapour, and probably of several 
other gases and vapours, diffused through it. Two views 
have been entertained of the nature of the union which exists 
among the several elastic fluids which constitute the atmo- 
sphere. The uniform nature of its composition, and the fact 
that the several ingredients continue mixed and do not sepa- 
rate and arrange themselves according to their specific gravities, 
seemed explicable only on the hypothesis of a chemical union. 

But Dalton contends for a mere mechanical admixture of 
the different fluids in conformity with his law, that the par- 
ticles of one fluid exert no action on the particles of another 
(Art. 94). Each ingredient of the atmosphere will then exert 
its own separate pressure in supporting the barometric column 
(Art. 95), and the whole column is supported by the different 
fluids in the following proportion. 

The nitrogen atmosphere equals 21 . 2 inches, 

... oxygen 7.8 

... aqueous vapour 6 

... carbonic acid 5 

30 . 1 inches, 
which is about the mean value of the atmospheric column*. 

• Dalton, Manoheater Memoirs, Vol. v. 
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129. Limits of the Atmosphere. If the atmosphere were 
supposed to be unlimited, it would pervade aU space, and 
accumulating about the sun, moon, and planets, would form 
around each an atmosphere, the density of which would de- 
pend on the respective forces of attraction or gravity of the 
bodies. But it appears from astronomical phenomena, that 
there is no atmosphere about the heavenly bodies, and that our 
atmosphere therefore is confined to the earth. 

Now the air decreases in density, and therefore in elastic 
force, as we ascend ; and at some point or other the air may be 
so much rarefied, that its elastic force may be less than the 
gravitation of the particles, and at this point all tendency in 
the particles to separate farther from each other is counteracted 
by gravity; and if an equilibrium be established between these 
forces, the height of the atmosphere will be limited. The 
condition requisite that the limit may be possible, is, that the 
elasticity or repulsion of the particles of air should become less 
than the force of gravity on the particles. Now the loss of the 
elasticity will be owing partly to the distance which exists 
between the particles of air when highly rarefied, and partly 
to the extreme cold which prevails in the higher strata of the 
atmosphere ; and these combined causes are quite adequate to 
bring about this equilibrium, and fix a limit to the height of 
the atmosphere*. 

* See Encyclopedia Metropolitana, Art. Meteorology. 
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Common Suction Pump. 

130. When the air is withdrawn from a pipe, one end 
of which is immersed in water, the pressure of the air on the 
surface of the water, will force the water up into the pipe, 
and water may thus be raised to the height of 32 feet. This 
is effected' by the common Suction Pump, which is represented 
in its simplest form in the accompying figure. 

AB is a cylindrical barrel, 
and £C a pipe, termed the suc- 
tion pipe, leading down to the 
water ; at its upper end is a 
valve B opening upwards, and (n!^ 
the lower part is closed and pierc- 
ed with small holes to prevent 
masses of dirt from entering the 
pipe. 

An air-tight piston D is 
moved up and down in the bar- 
rel by the pump-handle, which 
is a lever having the piston rod 
attached to its extremity. To 
explain the action of the pump, 
suppose the piston to be at the 
top of the barrel, then the pump- 
handle will be in the position 
represented by the dotted line. Both valves may be sup- 
posed to be shut. As the handle is raised, the piston 
descends, and the valve in it ,is opened by the action of the 
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air on its under surface ; suppose the piston at the bottom pf 
the barrel, then on depressing the handle the piston ascends, 
the valve in it is closed by the pressure of the air on its 
upper surface, and the air being removed from above the 
valve B, the valve is opened by the action of the air on its 
under surface, and continues open during the whole ascent 
of the piston, and the air in the suction pipe expands itself 
into the barrel. 

The descent and ascent of the piston constitute one 
stroke of the pump ; and it is evident that a quantity of air 
equal to the contents of the barrel is expelled from the bar- 
rel and suction pipe each stroke of the pump. But as the 
air is rarefied in the pipe BC, the water rises in it, for the 
elastic force being proportional to the density, the elastic 
force of the air in the barrel and suction pipe cannot sustain 
the pressure of the atmospheric column on the surface of the 
water, and the water will consequently rise in the pump as 
the air is withdrawn. Now when all the air is withdrawn, 
the water will be at the top of the barrel, and the next 
stroke of the pump will discharge from the pump through 
the spout at jB" a quantity of water equal to the contents of 
the barrel. This is the action of the common suction pump> 
and since its action depends on the water following the 
ascent of the piston to the top of the barrel, the weight of 
the sustained column cannot be greater than the weight of 
the atmospheric column, that is, A must not be more than 
32 feet above the surface of the water in the well or reser- 
voir from which it is to be raised. 

If the top of the barrel be more than 32 feet above the 
surface of the water, but the bottom of the barrel be less, 
some water will be discharged each stroke ; but if the 
bottom of the barrel be more than 32 feet, no water at all 
can be raised, and recourse must be had to other pumps, the 
simplest of which are the lifting and forcing pumps. 
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131. Prop. The j>regmre on the piston during Us ascent 
is the weight of a column of water whose base is equal to the 
area of the piston, and altitude equal to the height of the water 
in the pump above that in the reservoir. 

Let F (fig. Art. 130) be the surface of the water after 
any number of strokes of the pump : let r be the radius of 
the barrel, and h the height of the column of water whose 
weight equals the atmospheric pressure. Then irr' is the 
area of the piston, and gph x «■/•" is the pressure of the atmo- 
sphere on a portion of the surface of the fluid equal to the 
area of the piston (Cor. Art. 43) ; therefore pressure on under 
side of piston 

=gp(h-FC')'Tr\ 
and the pressure of the atmosphere on the upper side of the 
piston is gph x Trr", and the pressure on the piston during its 
ascent, that is, the force requisite to work the pump, is the 
difference of these. 

Thus the force required 

=gph X irr' -gp{h- PC) irr' 

=gp X FG X Trr", or «= FG. 

Thus the labour increases at every instant, and is greatest 

when the pump discharges at every stroke. In practice the 

pump-handle gives a great mechanical advantage. 

132. Prop. To find the height of the water in the pump 
after any number of strokes. 

After n strokes let the water be at F, and let x„ be the 
distance BF, and let A„ be the height of the column of water 
which would be supported by the elasticity of the air in 
BF; and let x„+i h^^ be the values of these quantities after 
the (n + 1)* stroke. 

Let h be the height of the column of water whose pres- 
sure is equal to that of the atmosphere. 
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Let a be the length of the barrel and K its section, and 
h the length of the suction pipe to the surface of the water, 
and k its section. 

Now the elasticity of the air above the surface at F, 
together with the weight of the column of water above the 
water in the reservoir, equals the pressure of the atmospheric 
column, and the portions of the surface on which these pres- 
sures are exerted are all equal; 

.: A„ - x„ = A — J. 

Similarly A^i - j;„+i = A - 6 (1). 

Now the density of the air is as its elastic force ; and by 
the (n + l)"" stroke the air which occupied the space between 
B and F, that is, a length x„ of the suction pipe, is expanded 
over the barrel and a length ar„+i of the suction pipe ; 

.-. h„i.i{Ka + kx^+^} = k!eJin (2). 

Eliminating h^i between (1) and (2), we have 

133. Practical defects and limits to working. In practice 
there is difficulty in making the piston and valves air-tight, 
the consequence of which is, that the piston may be worked 
up and down without raising the water; and when water 
is raised, which may be generally done by pouring a little 
water above the piston, which renders the joints and surfaces 
?ir-tight, the pump will " lose water" when no water is raised ; 
that is, the water which is left in the barrel and suction pipe 
will gradually subside to the level of the water in the reser- 
voir, and the pump will become empty. 

If the piston does not descend to the bottom of the 
barrel, the air between it and the bottom may not have 
sufficient elastic force to open the valve, and if this be the 
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case, no more air can be expelled, and the water will not 
rise any higher. 

Let the elasticity of the air in the barrel after the 
«"■ stroke sustain a column of water whose height is h 
Now if the piston, instead of coming close to the bottom,^ 
descends only through the space a', and the valve is not 
opened, the air, whose elastic force or density = h„, and whose 
bulk equals the contents of the barrel, is compressed into the 
space {a — a') K. 

Let K„ be its elastic force or density measured as before ; 

.-. K{a-a')Ti, = Kdh„ 

"n=- — -/ n„ = 

a — a a 

a 

Now the pressure of the external air on the upper surface 
of the valve is measured by h, and the valve has not opened, 
therefore A is > A'„. Hence the action of the pump wiU cease 
from this circumstance,- unless A'„, that is, 

— — ia>h, or ha>\l-—jh (1). 

a 
After the n* stroke, we have (Art. 132) the condition 
hn — x^ — h — b ; 
.: x„ + h-b=h„. 

The valve will not open when 

*« = (l-j')Aby(I),- 

therefore when the action ceases. 



..+a-s = (i-J)a, 



x,-b = - — h; .: x, = b h. 

a a 
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The action cannot go on unless 

x„ + h- b>(l j h; 



that is, «„ — J > — h, 

or h — x„<L — h' 

When the water is at the top of the suction pipe 
ar„ = 0, and the action cannot proceed, that is, the water 
cannot be raised into the barrel of the piimp, unless 6 is 

less than — h. 
a 

The Lifting Pump. 

134. The water can only be raised by suction to about 
32 feet, but it is frequently necessary to raise 
water for domestic purposes to the tops of very 
high houses, and in the draining of mines it has 
to be raised many hundred feet. 

This may be effected by contriving that 
the water, which is raised by the atmospheric 
pressure to the top of the barrel, should by 
the ascent of the piston be lifted up into a 
pipe which reaches to the point to which the 
water is to be raised. For this purpose the 
barrel is closed and the piston rod works d ^^ 
through an air-tight collar at A, and the 
spout E, through which the water would be 
discharged, if it were only requisite to raise 
the water to that point,, has a valve opening 
upwards into the pipe EF, up which the 
water is raised. The action of the pump is 
evident from the accompanying figure, in which 
the piston is supposed to be ascending, and 
consequently lifting up a quantity of water 
equal to the content of the barrel into the ^ 
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pipe EF, through the valve at E. When the piston begins 
to descend, the valve at E closes and prevents the return 
of the water into the barrel. Water may thus be raised 
to any height provided the barrel be strong enough to 
sustain the pressure of the superincumbent column of EF, 
and the force sufficient to work the common suction pump 
and sustain the weight of the superincumbent column EF, 
which must be raised before the valve at E can open. 
The top of the barrel must not be more than 32 feet above 
the level of the water to be raised, but the pipe EF may 
be any height; and the whole force requisite to work the 
pump is equal to the weight of the column whose base is the 
area of ^the piston, and altitude the height to which the water 
is to be raised (Art. 131). 




135. Beer Machine. The machine generally used in 
public houses for drawing beer from the 
cellar, and on board ship for drawing 
water from the casks, is an ingenious, 
application of the lifting pump- The 
piston is worked in a small barrel about 
six inches long by a bent lever,, move- 
able about a fulcrum D, so that when 
the handle is drawn down towards the 
body, the piston ascends from the bottom 
to the top of the barrel. The suction 
pipe or small tube BC has a universal 
joint at some point C, so that the end 
of the pipe, which is to communicate 
with the liquor to be raised, may be 
moved in any direction from one cask 
to another. Suppose the air to have been 
exhausted from the pump, and the barrel 
AB to be full of liquor, and the piston 
to be at the bottom' of the barrel; then 
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on moving the handle, so as to bring it into the position 
represented in the figure, a quantity of the liquor flows out 
through the spout EF, and continues to flow during the 
ascent of the piston, that is, during the depression of the 
handle ; but "the instant the depression of the handle ceases, 
the liquor ceases to run, and the piston descending by its 
gravity, the handle resumes its former position. 

Ths Forcing Pump. 

136. The construction and action of the common forc- 
ing pump, by which water may be raised 
to a greater height than by the suction 
pump, will readily be seen by the accom- 
panying figure. The piston X) is solid, and 
the barrel AB open to the atmosphere. The 
water follows the ascent of the piston and 
fills the barrel ; but the piston in its descent 
exerts a great pressure on the surface of the 
water beneath it in the barrel, and forces it 
up through the valve E into the pipe EF. 
The return of the water during the ascent of 
the piston is prevented by the valve at E. 
When water is to be raised to the same 
height, the force requisite to work the forc- 
ing pump is the same in amount as that 
which is required to work the lifting pump, but is applied 
in a difierent way. In the lifting pump the whole force 
applied to the piston rod is a tension in the direction of 
the rod's length. Hence a slim rod will do to work this 
pump, there being no downward pressure on the piston 
required. But in the forcing pump, the force required 
during the ascent of the piston is the same as in the com- 
mon suction pump, but during its descent the force is a 
compression in the direction of the rod's length, hence the 
piston rod must be very stout, or it would bend under 
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the pressure reqirired to raise a high column of water ; and 
this is frequently a great practical inconvenience.. The kind 
of pump which is to be used must be determined by the 
peculiar circumstances of the case. 

137. Braihage of Mines. In this instance, the machinery 
which is to work the pump is generally on the surface of the 
earth, that is, as high as the point to which the water is 
raised. The piston rods must therefore be very long; this 
being the case, the forcing pump, as just described, cannot 
conveniently be used, since a rod several hundred feet long 
capable of sustaining a pressure endways must be very stout, 
and the weight of such a rod would be inconvenient ; and such- 
a pump would be worked by the weight of the piston rod, and 
not in the manner just described. Forcing pumps then of 
this description are never used for raising water from great 
depths, unless it so happen, that the moving power which is 
to work the pump is close to the pump. There are no similar 
objections to the lifting pump.;, for a very slender rod will 
bear a great tension applied lengthways, and the rod may be 
easily prevented bending fi:om its own weight, by placing 
two or three collars through which it may work and be 
kept by them in a vertical position. 

Plunger Pole Pump. 

138. Great di£5culty is experienced in practice in making 
the pistons move water-tight in the barrels, especially when 
dirty water is to be pumped up, as in the drainage of mines ; 
and also when great pressure is to be applied to the water, as 
in, the forcing pumps of the Hydro- Mechanical or Bramah 
5ress. Hence forcing pumps with pistons accurately fitting, 
the barrel are almost entirely superseded in cases of this kind 
by the plunger pole pump. The piston of this pump is a 
solid plungpr of the same size alL the way up, but not 
quite so large as the barrel, and it' works through a water- 

W. p. H. 7 
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tight collar or stuffing box at A. The action of the pump 
wUl be readily comprehended from the figure. The with- 
drawing of the piston causes a partial vacuum in the barrel, 
and the water rises through the valve at the top of the 
suction pipe BC. When the plunger descends the water 
is forced through the yalve at E and raised 
up the pipe EF. There is but little diffi- 
culty in keeping the pump water-tight by 
means of the stuffing box at A, and as the 
material wears away a fresh quantity may 
be readily supplied. This is a most important 
practical contrivance, and dispenses almost 
entirely with the necessity of boring large J^y_ 
cylinders accurately true, which is a task of ' 

no ordinary difficulty: and when performed, 
the contact of the edge of the piston with the 
metal surface of the barrel would soon wear 
away the piston and the barrel, so that the 
pump would not act, and this could not be 
repaired without removing the piston. But 
in the plunger pump the only wear is on 
the surface of the plunger and the stuffing 
box, which may be repaired without any diffi- 
culty. 

The Air Vessel, or Air Spring. 
139. The stream discharged by aU the pumps which 
have as yet been described is intermittent, that is, the water 
sometimes ceases to run. Thus in the common suction pump 
the water will not flow during the descent of the piston, 
unless the quantity raised by each stroke of the pump into 
the pump-head takes the whole time of a stroke for its 
discharge at the spout. And in the lifting and forcing pumps 
the stream must cease to flow during the descent of the 
piston of the former and the ascent of the piston of the 
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latter. But the stream may be made 
continuous by the addition of an air vessel. 
The water after being raised through the 
valve at JE (see also figs. Arts. 134, 136, 
138) which is called the Forcing Valve, is 
received in any close vessel full of air, as 
represented at A. The water occupies the 
lower part of the vessel, and as more water 
is forced in the air becomes more and more 
compressed. The pipe BC, through which 
the water is to be raised, communicates 
with the lower part of the vessel, so that 
its orifice is always below the surface of •the 
water. 

Now the elastic force of the air is inversely as the space it 
occupies (Art. 89) ; hence when the air becomes compressed 
into a very small space, the action exerted on the surface of 
the water in the air vessel by the elastic force of the com- 
pressed air will raise up and sustain a very high column of 
water in the discharge pipe BC, and the height to which it 
is raised will be proportional to this elastic force, so. that if 
the vessel and pump be strong enough, there is no theoretical 
limit of the height to which the water may be raised. If the 
air vessel be large enough, and the discharge pipe be somewhat 
smaller than the supply pipe, the quantity of water in the air 
vessel will not be much increased by each stroke of the pump, 
and the elasticity of the air being a force constantly acting, 
the stream will run continually and with a velocity nearly 
uniform. 

The term Air Spring has most appropriately been ap- 
plied to the apparatus just described, since it obviates the 
same practical evils as springs of carriages, and is as necessary 
in large pumps as springs are for the preservation of the roads 
and carriages. 

7-2 
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The degree of cpijdensiation of the ajr in the air vessel 
may be measured, by the. siphon gauge of the condenser 
(Art. 105). 

Artificial fountains maybe constructed on this principle, 
and one air vessel may supply a great number of jet^.. 

140. Water Works. The invention of the air vessel 
in a great measure supersedes the necessity of the former 
expensive process of raising all the water into a reservoir 
which is above the level of all the places to which the 
water is supplied (Art. 35), A vast- power is thus expended 
unnecessarily, since it is very probable that more than half 
the water is wanted at levels greatly inferior to the level 
of the reservoir. A plan which is frequently resorted to, 
consists in having a very large air vessel, and two forcing 
pumps, one much larger than the other, and worked in 
succession by a steam-engine. The larger pump is worked 
first to supply all the lower levels with water, and when 
this is done, the supply being cut off by means of the street- 
cocks, the water, is diverted into the pipes which are to 
supply the higher levels. Here now a much higher column is 
to be raisedj and consequently the work to be done by the 
steam-engine is much greater. Tbe smaller pump is now set 
to work, and the column of fluid which is to be raised having 
a piston of less diameter to act on, the steam-engine can work 
as easily as before, although producing a much greater con- 
densation of the air in the air vessel, in consequence of which 
the water may be raised to a much greater height. 

141. Defects of the Air Vessel. Every portion of water 
in its natural state has a certain quantity of air combined 
with it, and this quantity may be increased by, subjecting 
air in contact with water, to pressure. Hence in the. air 
vessel, the air being constantly subject to very great presr 
sure, and in contact with water, is absorbed by the water 
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and passes away with it, so that the air vessel becomes full of 
water and the streain ceases to beCofttinuous. To remedy this, 
a very small hole is made in soteie part of the suction pipe, 
which is always exposed to the air, in order that u quantity of 
air may be drawn tip 'with the Viiter at every StiOlce of the 
pump, and dfeliVef ed with the watei: in^o the air v6sSeL Thus 
the siipjily df air is -kept up ; and for sniiall pUmJis an ordinary 
pinhole is sufficient, but in large jpum'ps a ls,rge holo ife made and 
fitted with a stop-cock, which may be opened When necessary. 

De La Hire's Double-acting Pump. 

142. The lifting .pump knd forcing ^iM^ are open 
to a common objection, nahlely, the loss of power Which 
arises from the necessary friction between the piston and 
barrel when they are doing no work. Now th« full effect 
of two puteps, with the friction and expence of one working 
barrel only, may be obtained by an ingenious combination 
of the lifting and forcing pump. 

The construction and working of the double-acting 
pump will be evident from the accom- 
panying figure. 

The piston is supposed to be descend- 
ing, and consequently the forcing valve 
at C, communicating with the discharge 
pipe, is open, and the valve at J, commu- 
nicating with the supply or suctioh pipe, 
is shut. This may be considened as the 
part of the cotumon forcing pUmp which 
enters into the construction. But the 
valve at B, communicating with the sup- 
ply or suction pipe, is open, and the 
valve at D, coramutticatiug with the dis- 
charge pipe, is shut. This is the pdrt 
of the lifting pump which enters into the combination. 
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During the ascent of the piston the valve at A and D will 
be open, and at B and C shut. Then, as the piston de- 
scends, water runs into the barrel at B, and the water below 
the piston is forced through at C up the pipe CD, and as 
the piston ascends, water runs in at A and the water above 
the piston is lifted out at D, so that two barrels of water 
are raised each stroke of the pump, and the stream would 
be continuous, or very nearly so, without the use of an air 
vessel. In practice, however, there is an awkward jar at 
each change of the action, which is almost entirely removed 
by the use of the air vessel. This is a very convenient pump, 
and being used extensively for supplying air to furnaces, 
is sometimes called a Double-acting Air Pump. 

The Fire Engine. 

143. The fire engine consists of two powerful forcing 
pumps, placed opposite each 
other, with one air vessel be- 
tween them. The pumps are 
worked by a common laver, 
having it? fulcrum at E, mid- 
way between the pumps; so 
that when the piston of one is 
depressed the other is elevated, 
and thus one or other of the 
pumps is always forcing water 
into the air vessel. The water is supplied to the pumps by 
a common suction pipe, FG, of leather, having its extre- 
mity G placed in the supply of water, The elastic force 
of the air in the air vessel acting on the surface of the 
water, which is represented in the figure by the dotted line, 
forces it up the pipe HI, into a long leather pipe or hose 
which is attached at /, and may be carried in any direction. 
At the other end of this hose is a brass spouting pipe or 
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kdjutage, which serves to direct the water forced through 
the hose accurately to any point, and being contracted 
towards the orifice, the water may be thrown to a very great 
height, and with a force suflftcient to break any windows 
through which it may be desirable to direct the water. 

The action of the pumps will readily be seen from the 
figure. The piston in A is ascending, and in B descending, 
consequently the forcing valve C is shut and D is open. 
The fire engine is generally made long and narrow in its 
external case, which hides the pumps, and the principal 
use of this length is to support a long framework for the 
lever, that the pumps may be worked by the united strength 
of several men, standing on each side of the engine. The 
long body of the engine serves likewise as a cistern, into 
which water may be poured when there is no convenient 
supply, into which the end of the suction pipe may be placed. 
The pumps may communicate with this cistern, either by a 
plug for the purpose, or by turning the end of the flexible 
suction pipe into the cistern. 

The height to which the water will be thrown depends 
on the degree of condensation in the air vessel, and on the 
elevation of the extremity of the pipe above the level of 
the water in the air vessel. For the elastic force of the air 
in the air vessel has to support a column of water, the 
height of which is equal to the difference of the levels of 
the end of the spout and of the water in the air vessel, and 
until the elastic force of the air exceeds the weight of this 
column, no water can spout out. The height to which it 
will spout may be increased by increasing the condensation 
in the air vessel, which is done by placing the hand over 
the orifice of the spout, and so stopping the discharge of 
the water for one or more strokes ; thug more water is 
forced into the air vessel, and the air becoming more con- 
densed, exerts a greater elastic force; and should all the air 
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be conveyed away from the air vessel, a sufficient quantity 
may be forced in, by working the engine for a stroke or 
two, having removed the extremity G of the supply pipe 
out of the water. 

The Siph<m. 

144 If a tube bent at B, having one leg shorter than 
the other be full of water, and the shorter leg be placed 
in a vessel of water, the water will run out through the 
longer leg BC. 

The sijihon is generally filled ty suction; the air is 
withdrawn from the tube at the end 
C, the end A being inserted in the 
water, and the pressure of the at- 
mosphere on the surface of the 
water raises it in the leg AB, and 
the water reaching B runs down and 

fills the longer leg BC. The siphon being thus entirely 
full of water, may be considered as consisting of two sepa- 
rate columns, occupying the two legs of the instrument, 
and having a tendency to separate at the point B; the 
short column having a tendency to run back into the vessel, 
and the long column to run out at C. But then there 
would be a vacuum produced at B by the separation of 
these columns, which, when the tubes are less than 32 feet 
is impossible, but the columns are sustained by the atmo- 
spheric pressure at the orifices of the tubes; at the orifice 
A, by the pressure transmitted from the surface of the 
water in the vessel; and at the orifice C, by the pressure 
exerted directly. But the pressures of these columns are 
equal, for the elevation of the surface of the fluid above 
the orifice is too small to cause any appreciable variation 
in this weight. Hence the columns of water which these 
pressures will sustain are equal; but here they are not, 
for one leg is longer than the other, motion therefore 
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■will eiisue, and the longer column JBC will move down 
and be discharged at the orifice at C, and the atmospheric 
pressure will keep the leg AB constantly full. 

Thus the water circulates through the tube, and the only- 
circumstances to be observed are, that the colutah df fluid 
between B and the surface of the fluid in the f esse! ihust be 
less in height than the column in the other leg, and less than 
S2 feet, or in the former case, the fluid will run back again 
into the vessel, and in the latter, it will separate at B, since 
each column is heavier than the atmospheric column. 

Thus the motion of the fluid is similar to the motion 
of a chain hanging over a point. If the two parts of the 
chain be equal, the fluid remains at rest; and if one end 
be longer than the other, it moves in the direction of the 
longer end. Fresh links, so to speak^ are added con- 
tinuously to the fluid chain, by the atmospheric pressure 
on the surface of the fluid, so that the chain being con- 
tinuous, the motion is continuous also, and does not cease 
till one portion of the chain bec'oines ec[ual to, or lesS 
than the other. That this is re'sUly the case,- Will be seen 
at once on iilspecting the aictibii of a siphon liridfer the 
receiver of an ai*-ptttnp. The wafer runs inore amd more 
languidly every stroke of the pump, and finally stops, since 
no new links are added to the chEtin, but on the read- 
mission of the ait it commences rtinnirig again, and when 
all the air is readmitted runs just as before. 

145. Wirtemherg Siphon. When the columns are nearly 
equal, and consequently the circulation languid, the air 
steals up the discharging leg, and collecting at the top of 
the bend separates the columns, and the action is sus- 
pended. This may be avoided by making both legs equal, 
and turning them up for about an inch at the extremities. 
Then the siphon always continues full, and v/hen one end 

7-5 
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is dipped in a fluid the other begins to run, and continues 
till the surface of the fluid coincides with the surface of 
the orifices. 

Siphons are used for drawing off liquids from the upper 
parts of vessels containing them, without tapping or making 
any orifice below. They are highly useful in many che- 
mical processes for drawing off a liquid without disturbing 
the sediment. Large siphons are generally furnished with a 
stop-cock near their lower extremity; and a small tube to 
which the mouth may be applied communicates with the 
leg just below the stop-cock, so that the stop-cock being 
open, and ' the hand applied to the orifice of the leg to 
stop ihe communication with the external air, all the air 
may be exhausted by suction, and the legs filled with the 
liquor which is to be drawn off. The siphon being now 
full, the liquor will run when the stop-cock is opened. 

146. Intermittent Springs. The action of reciprocating 
or intermittent springs, that is, of springs which flow and 
cease, may be readily explained on the principle of the 
action of the siphon. Water is collected from various 
sources in a large cavern in the interior of the earth, and 
the only outlet for the water is by means of a bent channel, 
the bend of which, like the bend of the siphon ABC (fig. 
Art. 144), is raised some feet above the usual level of the 
water in the cavern. Now when the cavern becomes very 
full, so that the water stands at a higher level than this 
bend, the water fills this bend and runs out and continues 
to run, as in the siphon, when the level of the water is 
much below the bend. 

T^e Screw of Archimedes. 

147. A tube is wound in a spiral manner, as repre- 
sented in the accompanying figure, about a cylinder whose 
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axis is AB, which is placed with its ertd B much more 
elevated than the end A, and capable of being turned 




about by a winch at H. The circumstance to be attended to 
in the degree of inclination of the axis and spiral tube is, 
that the point D must be just below the orifice C, and the 
point F just below £!, and so on throughout the tube ; that 
is, whatever be the position of the spiral, the level of any 
bend on the upper side must be just above the level of the 
next bend on the under side, reckoning along the axis from 
the lower to the upper end. 

Let a bullet be put into the tube at the orifice C, in 
the position of the screw represented in the figure, it will 
immediately run down to D. Let the screw be turned half 
round, then D will be just above the level of M, and the 
bullet will have run to B; let it be turned once more half 
round; these make together one complete turn, and the screw 
will again be in the position represented by the figure, thai 
IS, E will be just above F, consequently the bullet will have 
run down to F. Similarly, the screw being turned once and 
a half more round the bullet will drop out at G, 

Now a fluid mass obeys the same laws of motion as a 
solid (Art. 10), hence if the end A of the screw be im- 
mersed in water, so as to cover the orifice C, and the screw 
be worked, after two turns and a half, in a screw such as 
is represented in the figure, the water will begin to run out 
at G, and the stream will be continuous during the motion 
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of the cylinder. The screw-pump is a very useful machine 
for raising large quantities of water to a small height j and 
has this advantage over common pumps, that it will raise 
water mixed with gravel, dirt, or other impurity, without 
being deranged in any manner. 

The Chain-Pump. 
148. An endless chain composed of links, united together 
so as to bend readily, is placed on 
the spokes of a wheel W. On this 
chain' are fixed at equal distances 
from each other a number of pistons 
all of which fit accurately the barrel 
AB. As the wheel W is driven 
round, the spokes catch successive 
points of the chain, and the pistons 
pass up the barrel AB. Now if the 
lower end of the barrel be immersed 
in water to a depth at least equal 
to the distance between two of the 
pistons, as these pistons successively 
enter the barrel they will carry up 
the water with them, and discharge 
it at the spout at C. If the wheel 
revolves with great rapidity a con- 
siderable quantity of water will be 

raised, even if the pistons do not fit very accurately. The 
great advantage of this pump is, that it can work in the 
foulest water, and will bring up stones or any materials which 
enter the bottom of the barreL 





CHAPTER X. 

ON THE MOTION AND RESISTANCE OF FLUIDS. 



149. FLUtDS are subject to the same law of gravity as 
solid bodies, and a mass of fluid descending vertically has 
its motion accelerated in the same manner as a solid mass; 
and the .momentum generated is the product of its mass and 
velocity. If a column of water move through a vertical or 
inclined pipe, it acquires a velocity, which from the friction 
of the pipe will soon become uniform, and the motion which 
it possesses, or the momentum generated, is the mass of the 
column multiplied into this uniform velocity. Now force is 
always necessary for the destruction of motion, and the shorter 
the time through which it acts the greater is the effect 
produced*. Thus a small hammer vnth a hard face is much 
more effective in driving a nail, than a mallet of twenty-times 
its weight, and moved with the same velocity. For in con- 
sequence of the hardness of the face the motion is destroyed 
instantly, and consequently the effect exerted on the nail is 
very great. The sudden destruction of motion in a fluid mass 
is attended with effects precisely analogous. When the motion 
of a fluid mass is suddenly stopped, the surface which stops 
it must sustain a very great force. The great shock which 
the gates of a lock experience when the motion of the stream, 
however slow that motion, is stopped by the gates closing 
completely, is a familiar illustration of this fact. Now when 
the discharge of a quantity of water from a pipe is suddenly 

V 

• The equation which expresses this is, v=ft, or/=-, wheie/is the 

. accelerating force which generates the velocity « in a time i. Now the 
same equation holds for a retarding force. Hence it is evident, that when 
t is very small during which the velocity v is destroyed, the effect must 
be very great. 



158 



ON THE MOTION OF FLUIDS, 



stopped, the action sustained by the opposing surface is coun- 
terbalanced by a reaction, which is transmitted through the 
whole mass (Art. 23), and impressed on every portion of the 
containing vessel. 

The action thus sustained by the sides of the pipe is 
frequently sufficient to burst it, and this may take place not 
only close to the stoppage, but at any distance, wherever the 
pipe happens to be weak. If a large main, for instance, run- 
ning with a great velocity were suddenly turned off, every 
small pipe which communicated with the main above the point 
at which the stoppage took place, would probably be burst. 

The action thus exerted on the instantaneous destruction 
of the momentum generated in a column of water in motion, 
has been most ingeniously applied to raising water to a great 
height. The combination of vessels by which this is effected, 
is termed the Hydraulic Eam. 



TJie Hydraulic Earn. 

150. AB is the 
pipe leading from the 
reservoir or head of 
water. C the valve 
through which the 
water runs out till it 
has acquired nearly a 
uniform velocity; the 
valve can drop down 
through the space ah, 
the knob a preventing 
its falling quite out. 

K and H are air 
vessels, and EF the 
pipe up which the 
water is to be raised to the vessel at G. 
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Suppose the valve C open, and the valve D shnt, and 
that the water is moving down AB and escaping through 
C, now when the water moving down AB has acquired a 
certain degree of velocity, the valve C is shut hy it; the 
motion of the water is then stopped in an instant ; a great 
action is thereby produced on every part of the containing 
vessels, and the valve at D is forced open, so that the water 
rushes into the air vessel H, and the air being condensed 
sufficiently, the water is raised in a continuous stream to any 
height G. The valve at C is now closed, and before the 
action of the ram can proceed, or another pulsation can be 
made, it must be opened again. 

This is effected by the weight of the valve, with the 
assistance of the air vessel at K. 

The action consequent on the close of C condenses the 
air in £" into a very small compass, when then from the 
opening of D and the slight recoil of the water up the pipe 
BA, the action on the air in this vessel is relieved, its elastic 
force drives the water still farther back up the pipe BA ; the 
consequence of which is, that at the instant the water begins 
to descend the pipe AB, the pressure on the under surface 
of C is almost entirely removed, and the valve C drops by 
its weight. But the air in K is speedily absorbed, and a 
small quantity is supplied every pulsation of the ram by a 
valve at / opening inwards. For the air in K being suddenly 
condensed and as suddenly expanding again, expands or 
recoils, so to speak, too far, so that its elastic force becomes 
less than the elastic force of the external air; the valre at 
/ opens, therefore, at that instant and admits a small portion 
of fresh air. 

"When a given quantity of water is to be raised to a great 
height by the ram, the momentum generated must bear a 
certain proportion to that height. The momentum gene- 
rated will depend on the length of the column AB, and on 
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the height frbta which it descends. The 'quantity bf Water 
raised by this machine is about 66 per cent, of the quantity 
used, and this number of pulsations vary ftbrti 50 tb 70 a 
miniite. 

Water Wheels. 

151. Undershot wheel. A conitfion iiibdfe of deriving 
power from the rtiotion of water^ ife by sutjftiitting a nuihbef 
of flat boards placed on the ritti of a large -vyheel to the action 
of a running stream. The impulse of the water^ as it Striked 
one board, drives rouhd the wheelj and another board is im- 
mediately immersed in the stream, and this bdard rbceiviiig 
a similar impulse^ the wheel is carried round as beforfes The 
wheel is thus caused to revolve in the direetion of the stream 
with a velocity ■Vvhieh depends on the velocity of the stream, 
and on the number^ form, and position, Of the float boards. 

Overshot wheeU Anbther mode of obtaining power is lif 
an overshot water-wheel, in whidh the weight of the water 
acts to drive rouiid the wheeL On the rim of a large wheel 
are constructed a number of eaviiies called bufekets, and as 
the streani fills the top one, it descends causing the wheel 
to revolve, and an etflpty one succeeds it which is ltke\(risH 
filled, and the wheel is kept revolving by the buckets going 
down fuU on one side aiid coming up invertedj and therefore 
empty, on the other. 

Much ingenuity has been displayed in dfetefminitfg the 
best forms for buckets, and the best size and velocity for 
wheels. But these detaiils caiinbt be given here ,• they will 
be found in Treatises on Mill Work. 

Breast wheel. A third species of wheel is the breasir 
wheel, which is driven both by weight and impulse. The 
boards aire flatj and the water is delivered nearly on a level 
with the axis of the wheel, the mill-stream below that point 
being made circular to suit the wheel, so that the edges of the 
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boards are nearly in contact with it as the wheel is driven 
round. 

151 a. Water-Pressure Engine. In machines described 
in the last Article under the denomination of water-wheelsj 
the water acts by impulse or by weight, or by weight and 
impulse combined ; to these may be added a machine which 
acts principally by pressure, and which has accordingly been 
designated as the water-pressure engine. This engine in 
the mechanical arrangements employed closely resembles the 
single-:acting steam-engine (Art. 1 87) .; the pressure oif a head 
of water being the moving power instead of steam. In some 
cases the engines are made double-acting, in which cases the 
arrangements are the same as the double-acting steam-engine 
(Art. 188) ; the water may be conducted from any convenient 
reservoir by a small pipe to fill the cylinder in which the piston 
works, and when the piston has completed its stroke by means 
of the pressure of the head of water, the contents of that 
cylinder are run off, and the piston makes another stroke, 
either by the action of counterbalance weights (as in the 
atmospheric engine. Art. 185), or by tbe pressure of the head 
of water on the other side of the piston. The water-pressure 
engine is a very valuable machine in mining and mountainous 
districts, where fuel is scarce ; inastnuch as a head of consider- 
able height may frequently be obtained at a very small 
expense, a small pipe only being required for the purpose. 

152. Meaction Maehinis. There are several instances 
in which motion is given to machinery by the lateral pres- 
sure of the fluid not being counterbalanced, and machines 
thus moved are called reaction machines. When a fluid is 
contained in a vessel, every part of the vessel has a certain 
pressure exerted upon it, which is counteracted by the re- 
action of the side. If a portion of the side be removed, so 
that this reaction cannot be called into play, the reaction of 
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the opposite side will not be counterbalanced, and motion 
may ensue. A tall vessel full of water standing on a hori- 
zontal plane has no tendency to move, but if a hole be pierced 
in the side at the upper part of the vessel, the vessel will 
under certain circumstances be tilted over or overturned on the 
side opposite to the hole (Art. 5Z). 

This principle is applied in Barker's Mill, which consists 
of two tubes fixed as horizontal arms into the bottom of a 
vertical tube, supported in a collar at the top and on a point 
at the bottom, and capable of moving about a vertical axis ; 
near the extremities of each of the horizontal arms, but on 
opposite sides of each arm, is an orifice through which the 
water supplied at the top of the vertical tube may flow ; if 
these orifices were closed, the machine would be at rest, 
but being open and on opposite sides of each arm, the pressure 
of the water on the sides of the horizontal arms is not balanced, 
but they move in opposite directions, thus causing the whole 
machine to turn about the vertical axis. The above however 
is not so economical a mode of applying a head of water 
to produce motion as the overshot wheel. 

An improvement upon the above may be made, by curving 
the horizontal arms in such a manner, that the water as it 
passes from the centre may move in a straight line by reason 
of the arms, owing to their curvature, receding as the water 
advances. 

An elastic fluid, as steam, or hot air issuing out from 
orifices at the end of an arm which can revolve about an axis 
in a direction opposite to the issuing stream, may be applied 
to produce motion- 
It has been proposed to move vessels through the water 
by the efflux of water and highly elastic gases at the stern. 

152 a, Turbines. The most improved form of any 
machine of this class, appears to be that known by the 
name of the turhine; which is a horizontal wheel bounded at 
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its upper and under sides by plain horizontal surfaces, and ac- 
curately fitted to a fixed vertical cylinder down which the water 
passes, and acts on the curved side of channels open at both 
ends, extending from the external circumference of the vertical 
cylinder to the outer circumference of the horizontal wheel. 

The curved sides of these channels are arranged so as 
to take advantage of the centrifugal force of the water as well 
as its pressure and velocity. 

The turbine can work under water, and with any available 
fall or head; advantages peculiar to this machine*. 

1 52 h. Resistance of Fluids. The reaction of fluids is 
further illustrated by the resistance opposed to the motion 
of a body; if any body be moved through a fluid, the 
resistance will be proportional to the area or surface im- 
pinged upon, or in contact with the fluid; and for equal 
areas moved at different velocities, the resistance will be 
nearly as the square of the velocity. The determination of 
the precise law of the resistance of fluids to bodies, and of 
the forms of least resistance, are questions of considerable 
difficulty, and to which the attention of practical men has 
been much directed t ; the resistance of the air to the pas- 
sage of railway trains at high velocities, has given rise to 
many important experiments, the general result of which 
appears to establish the law, that the resistance for equal 
areas is nearly as the square of the velocity. In the case of 
bodies moving rapidly through the air, an atmosphere of 
the fluid as it were, adheres to the body and moves with it, 
thus increasing practically the resisting surface of the body. 

" See D'Aubisson's Hydraulics, and papers by Professors Rankin and 
Thomson in Reports of British, [Association, foi further information on 
this subject. 

t See papers by John Scott Russell on this subject in the Reports of 
the British Association, Transactions of the Royal Society of Edinburgh, 
and Beaufoy's Experiments, 
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Paddle-wheeh. The use of paddle-wheels for the pur- 
poses of propuMcfn in steam-vessels, is an instance in which 
the moraieSiteiry- ot ifflstantaneous resistance of a fluid to the 
motion of a plane suifaoe, is rendered available for imipelliiig 
the vessel foi:wa;rd through the Water. 

Screw t'i'dpetter's. The resistarib'e to a plane moved 
oMiquely in water, 6i 6t Water impingiiig obliquely on a sur- 
face, is well illustrated by the screw propellers wliich have 
recently come into lise for tlie propulsion of vessels. A screw 
of half a turn, or of a poriJon of a, turn about an axis beiiig 
made to revolve rapidly about its axis, so that the surface of 
the blade meets the water obliquely, will experience such a 
resistance in the direction of its axis, as to occasion motion 
in a ship or other body to which it is attached. Tlie resistance 
in the case of impact between a surjface and a fluid, may 
be resolved in directions parallel and perpendicular to th'e 
surface, according to the laws of mechanical science. 

Sails of a Windmill. A further illustration of the reac- 
tion of a fluid in motion, is afforded by the sails of a wind- 
mill, which are driven round in a plane at right angles to 
the direction of the wind, by the action of the air upon the 
surfaces opposed obliquely to its action. It will be evident 
that in any of the preceding cases, the result will be the 
same, whether we suppose the resisting surface to be at rest, 
and the fluid to impinge upon it with a certain velocity, 
or the fluid to be at rest, and the surface to impinge thel-eon, 
or both to be in motion, provided their relative VelOcitites 
be the same as before. 

153. Muids jhmng ihrov^h orifices. The determination 
of the motion of fluids is a question of the greatest theoretical 
difiiculty, and can only be solved in particular cases and 
on particular hypotheses. 

When the motion is steady, that is, when the velocity 
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is always the same for the same point in space, we obtain 
the following result*; 



Vi-- 

V ^ jp-a 



where e is the velocity, g the force of gravity, z the depth 
of the orifice below the surface of the water, k the area of 
the orifice, and K the area of the surface of the water re- 
tained at a constant height. 

"When the orifice is exceedingly small compared with the 
surface of the fluid in the vessel, the square of the ratio of 
their areas may be omitted; consequently, 



v = J%gz, 

or the velocity is that due to the height from which the par- 
ticles have descended ; that is, it is the same as the velocity 
acquired by a heavy body falling freely under the action of 
gravity through a space equal to the depth of the orifice 
below the surface of the fluid. 

Now when a fluid issues through an orifice the stream 
is convergent for a small distance from the vessel ; it then 
acquires a permanent form, neither converging nor diverging ; 
and this portion of the stream is called the vena contracta. 
It is the area of the section of this contracted vein, and 
not the area of the actual orifice, which being substituted 
for h in the above equation, will give the true discharget. 

The area of the section of the vena contracta may be 
taken as equal to fths of the area of the actual orifioet. 

For further details connected with this subject, the stu- 
dent is referred to Venturis Ewperiments on the Motion of 
Fluids, and generally to works on practical hydraulics. 

• Theory of Fluids; Arts. 116—121. 

f Theory of Fluids, Art. 118. 

I Rennie's Report to British Association, 1834. 
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154. A ia a strong cast iron cylinder, B 
nioving in it and carrying the table C. 
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DEFG the conduit pipe by which the water is conveyed 
from the injecting pump to the working cylinder. 

KGI the injecting pump with the water cistern below. 

N the fulcrum of the lever by which the pump is 
worked, F the forcing valve, L the safety valve, E the 
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discharge valve, -wLioh is opened and shut by the screw M, 
thereby opening a communication between the working 
cylinder and water-cistern. 

The cylinder A is firmly fixed in a vertical position in 
a frame-work of iron of su£Scient strength to sustain the 
enormous pressures which are exerted on substances placed 
between the table C and the top beam of the frame. The 
piston B is raised up by the pressure of water on its bottom, 
and is rendered water-tight by a leather collar represented 
at a, a, which will be explained more fully in a following 
article. The piston fits the cylinder just on each side of 
this leather very accurately, by which a steady and vertical 
ascent is insured ; but the diameter of the cylinder, excepting 
just at the top, is somewhat larger than the diameter of 
the piston ; and the orifice D at which the water enters may 
be situated any where, as is most convenient, for the pressure 
which is exerted on any part of the fluid will be transmitted 
in every direction and exerted on every equal portion of the 
piston. The pressure on the bottom is the only effective part, 
since the pressures on the sides counteract each other. The 
injecting pump is a plunger pump (Art. 138), and the 
plunger piston works through leathers of a peculiar construc- 
tion. Since on every descent of the piston a quantity of 
water is forced through the valve at F, which closing the 
instant the piston has completed its descent prevents the 
return of the water, the water in the working cylinder A 
must either be compressed or must occupy a larger space. 
But since for all practical purposes water is incompressible, 
the volume of the water must increase every stroke, and 
since the vessel is too strong to yield, the piston B must rise. 
Thus the piston must continue to rise so long as any ad- 
ditional quantity of water is forced in. When the required 
effect of the press has been exerted, the pressure is im- 
mediately relieved by opening the discharge valve E, when 
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the water returns to the cistern and the piston, descends by 
its gravity. 

155. Pkop. The force which is applied to the injectinff 
pump being given, to determine the action produced on the 
hose of the large piston. 

Let K be the section of the working piston, and k the 
sectipp of the plunger of the injecting pump, and P the 
force applied at the pump-handle. 

Let L be the distance from the fulcrum, or the length, 
of the lever at which the force P is applied, and I the 
distance of the connexion, of the plunger with the handle 
from the same point. 

Then the force applied to the plunger by the given 

force P, acting at such a lever, is Q = P . y {El. Mecha- 
nics). Now the pressure exerted is proportional to the area 
pressed, and the pressure exerted by the plunger at any 
instant on the water in the injejcting pump is transmitted to 
the base of the large piston ; 
.*. the action on the base of the large piston 

: pressure exerted by the plunger :: K : k. 

But the pressure exerted by the plunger = P --rl 

T K 

.'. the action, on the base of the large pistqn = P . -j- . -r- . 

This then is the pressure produced on any substances 
placed between the table and the top beam of the frame- 
work, or it is the weight raised, if the press be so applied ; 
calling it W, we have 

W=P ^ ^ 

^ ^' r k- 

Let B and r be the radii of the sections K and k, 
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From this equation it is evident, that the effect pro- 
duced may be increased by the increase of any of the 

T Tf 

quantities P, j-, or — , which compose the produc** 

156. Let us examine the action in some particular in- 
stances, such as generally occur in prtictice. 

Ex. 1. A man working at the injecting pump exerts by 
his hand a pressure nearly equal to his weight. Let P =■ 
112 lbs., or 1 cwt. 

Let the pump-handle, or lever at which he works, be 
3 feet long, and let the plunger be connected with it at a 
distance of 3 inches from the fulcrum. Then 

The diameter of the large piston is very frequently 6, 9j or 
12 inches, and of the plunger 1 inch. Take 10 inches as the 
diameter of the piston and 1 inch for that of the plunger. 

Then -=10. 
r 

Substituting these values in the equation, 
W= 112 lbs. X 12 X (10)' = 134400 lbs. 
or = 12 X 100 cwt. = 60 ton. 

Thus by one man working at the pump a pressure of 
60 ton is produced, and if two men work a pressure of 120 
ton will be produced. 

Ex. 2. Small presses are very often made, where only 
small pressures are required, or as models merely to exhibit 
the power of the press. 

w. p. H. 8 

f I 
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Let the diameter of the piston be 2 inches, and of the 
plunger one-fourth of an inch. Then — = 8. 

Let -j^ — = 6j and P = 20 lbs., which is easily produced 

t At 

■with the hand without any effort. 

Then W= 20 lbs. x 6 x 64 = 7680 lbs. = 68 cwt., or a mere 
child could raise a platform on which more than 50 grown 
people were placed. 

Ex. S. To shew the enormous power which may be ex- 
erted by the press, let the piston be 20 inches in diameter, and 
the pump one-fourth of an inch. A press of this description 
has been made. 

Then - =± 80. Let ^ = 1 2, and P = 1 1 2 lbs. as before. 
r I 

Then W= 1 cwt. x 12 x (80)^ = 12 x 6400 cwt. 

= 3840 ton. 

And two men working at such press would produce a pressure 

or raise a weight of 7680 ton. 

157- From the preceding examples, it is evident that 

the great increase in power exerted arises from the increase 

of the ratio — , since the power is multiplied by the square 

of this quantity, instead of only by the first power. And the 
press may be said to have no limit to the pressure which may 
be exerted, except the strength of inaterials ; for the ratio 

of — may be increased almost indefiijitely. But practical 

considerations come in, and an important one to be remarked 

is, that when the ratio — is large, the quantity of water 

injected every stroke of the pump is so small, that the 
piston ascends too slowly for practical convenience; and a 
nine-inch piston, with a one-inch pump, is found a very con- 
venient combination for general purposes. 
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It is desirable to save time in every operation; hence, 
since the work during the first ascent of the piston is 
generally very easy, one man can work the press by an 
injecting pump of larger dimensions. Large presses are 
generally furnished with two injecting pumps, a larger 
and smaller, standing side by side, and communicating in 
common with the forcing valve. If the large pump be a 
two-inchj that is, have its plunger two inches in diameter, 
and the Smaller a one-inch, and their barrels be the same 
length, the quantity of water forced in every stroke of 
the larger is four times the quantity which is forced in 
every stroke of the smaller. Hence the larger pump raises 
the working piston four times as fast as the smaller. But 
since the pressure is proportional to the area, the same 
man, working at the same length of lever, can only raise 
one-fourth the load at the large pump that he can at the 
smaller. Hence the large pump is used, for the sake of 
speed, as longi as it can be, and when the load becomes 
too great, it is relinquished, and the smaller one is worked. 

In the construction of this two-inch pump, an ingenious 
contrivance may be mentioned, for preventing accident or 
derangement in the machinery. Should the forcing valve be 
prevented from closing from any cause, as the intervention of 
dirt, immediately on the descent of the plunger, the action 
which would be transmitted from the water in the working 
cylinder to the base of the two-inch plunger might, from the 
workman not being aware of the fact and not having sufficient 
command over the pump-handle, raise tho plunger too high, 
arid force it entirely out of the barrel. To guard against this, 
a hole is drilled up the plunger, and another at right angles to 
it, as represented by the dotted line in the figure (Art. l60). 
Now when the pump is worked properly, the orifice of thife 
horizontal hole does not rise above the top of the leathers, 

8—2 
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but when the plunger is raised a little higher, the orifice rises 
above them, and the water, finding its way out between the 
metal surfaces of the plunger and barrel, the pressure on the 
base of the piston is immediately diminished. 

158. The strength of materials has been shewn to be the 
only theoretical limit to the efibrt of the press, and the slow 
ascent of the piston has been mentioned as a practical limit, 
which defect is however partially obviated by the employ- 
ment of a large and small pump, which are worked in succes- 
sion. But the most serious practical limit to its enormous 
power arises from the extreme diflSculty of keeping the piston 
and plunger water-tight. When the pressure exerted is more 
than three tons on the circular inch, the leathers wear out 
inconceivably fast, and new ones must be put in. 

159. The contrivance by which the piston is rendered 
water-tight, is too ingenious, and too important a point in 
the history of the press to be pmitted. 

The accompanying figure represents a portion A of the 
working cylinder, and a portion B of 
tho' piston, whose surface CDEF is in 
contact with the cylinder at CD and 
EF, The distance CF is about nine 
inches, and CD, DE, EF, each three 
inches. 

Opposite DE is a recess about half 
an inch deep, in which the leather 
collar is placed. This coUar is a double 
leather turned over a metal ring; so 
that a vertical section of the collar and 
ring vfould appear as in the figure, the 
dark part representing the leather, and 
the light figure, with h below it, be- 
tween the leather representing the ring. 
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Now the first watef ■which is pumped into the cylinder 
insinuates itself between the metal surfaces at FE, and enterS 
the recess, and acting on the under surfaces of the leather, 
forces them against the piston on one side, and the back of the 
recess on the other. Now as more water is forced in, and the 
piston begins to rise, the pressure on the inner surface of this 
leather increases, so that the piston and cylinder are tightly 
embraced all round by the leather collar, and no water can 
possibly insinuate itself at the edges a, a, so as to get behind 
the leather and escape. The greater the pressure the more 
closely is the leather pressed to the metal, so that if the 
leathers be sound, no leakage can possibly take place. The 
leather of course rises up to the top of the recess during the 
ascent of the piston ; in fact, it will in- general rise there bj*' 
the action of the water before the piston begins to ascend ; 
and when the discharge valve is opened for the descent of the 
piston, the pressure of the water being removed, the leather 
is no longer pressed tightly against the surfaces, but the 
leather and ring slide down with the piston till the ring 
touches the bottom of the recess. The ring is somewhat 
deeper than the leather, so that when the ring and leather 
come to the bottom of the recess, the edge a next the piston 
may not be drawn in between the piston and cylinder at jE, 
which would draw the leather out, and stop the descent of 
the piston. 

160. The construction of the injecting pump is equally 
worthy of attention. The accompanying figure represents 
the barrel and plunger piston, with the leather for keeping 
the pump water-tight, and the method of putting them 
in. The dark parts represent the leathers, which are in 
two pieces, with a copper ring a a, lying horizontally between 
them, having its upper and under surface scored, so that when 
the plunger is put in, and the piece h I, (with a cylindrical 
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hole turned accurately to fit the plunger) is screwed 

down upon the upper leather, the 

junction between the leathers and 

the ring is very complete, and the 

leathers are squeezed out against the 

piston on one side, and the barrel on 

the other, so that no water can pass 

them. The barrel is tujned out, as 

represented at c c, thaj; the water 

may get readily at the back of the 

leather, and, pressing it against the 

plunger, preclude the possibility of 

any being forced by, during the 

descent of the plunger. 

161. Practical applications. This 
IS perhaps the most perfect, and at 
the same time the most powerful 
machine with which we are ac- 
quainted. The great impediment 
to the perfection of all machinery 
is the friction ; in this press it is 
scarcely worth considering; for 
when the surfaces of the piston are well polished and per- 
fectly clean, the friction between their oiled surfaces and 
the leather collar is very small, and can scarcely be con- 
sidered as any practical impediment, whereas the friction in 
the screw press under heavy pressures is an absolute barrier 
to its use, where thp force of a single man is to be applied. 

Another serious evil in machinery is, the rapid wear of 
metal surfaces in contact. But in this press, there are none 
exerting pressure on each other in contact. For the parts 
CD, EF, (Art. 159) are in contact only for the purpose of 
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insuring the steady and vertical ascent of the piston, and the 
wear on th^e is almost insensible. 

New leathers are the only repairs which the press «ver 
requires, and under ordinary pressures these will last many 
years. So that the press seems to possess in a very high 
degree the rare qualities of requiring no useless expenditure 
of force in the working, and very few repairs. 

There is scarcely any department of the arts in which 
pressure is required, where this press is not used. A few of 
its applications will be mentioned. 

It is used in packing, where large bulks are to be reduced 
into small compass, to be stowed on ship-board ; large 
quantities of hay so reduced were exported for the use of the 
troops during the late war. 

Some of the greatest pressures ordinarily required, occur 
in the extracting of the oil from hides, previous to their being 
tanned; of the moisture from paper; of the oily matters 
from tallow and from palm and cocoa-nut oils so as to 
separate the eleine from the stearine in the manufacture of 
candles ; and in the manufacture of sugar. 

One most material advantage which the press possesses 
is, that the cylinder may be placed any where, so that the 
table may be brought on a level with the floor, and the 
substances wheeled or rolled on to it. The injecting pump 
may also be at any distance from the working cylinder. An 
arrangement of this nature is adopted in the powder mills. 
It is necessary to subject the gunpowder, when in a moist 
state, previous to the granulation, to a great pressure, to 
squeeze out the water. This is attended with some danger; 
hence the press is set in one room, and the pump is at a 
considerable distance, with a strong wall between the press 
and the man who works the pump. 

The most advantageous case in which the press can be 
applied, is, where an enormous pressure is required to be 
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exerted through a small space. Hence it is peculiarly 
adapted for trying the strength of cables, and masses of 
■metal; for pulling up piles and trees; for sustaining or 
raising a building that has settled, that the under part may 
be restored; and for separating large masses of stratified 
locks, as in the slate-quarries in North "Wales. 

The motion of the large piston may also be employed 
to actuate the wheel-work of a crane for raising weights, 
but this is not in general an advantageous application, by 
reason of the comparatively small space through which the 
piston moves. 



CHAPTER XII. 

ON TEMPEKATURK AND HEAT. 



162. Matter has been divided, into two classes, namely, 
solid and fluid, and some of the laws which regulate the 
state of rest and of motion in fluids, have been discussed in 
the preceding chapters. We have now to consider the effect 
of an agent of universal influence in nature, and one which 
is most intimately connected with the laws of the equili- 
brium and motion of fluids. 

Two opposite actions or forces, distinguished by the 
•terras attractive and repulsive, exist in nature, the former 
of which are exhibited in retaining the particles of bodies 
in apparent contact, and the latter in repelling, as it were, 
their approach ; and the state of substances is determined 
in a great measure by the relative intensity of these forces. 
In solids, the force of attraction or cohesion is very power- 
ful ; in liquids, it scarcely exists at all, and in gases, it 
is absolutely insensible; and the particles' of gases act on 
each other with a repulsive force. 

Now it is a very general opinion, and $upported by 
strong facts, that this repulsion is in some way or othef 
connected with heat or caloric, this term being used to 
express the cause or principle of heat. 

An inquiry of great importance, and to •which much 
attention has been directed, is as to the quantity of sensible 
caloric which exists in any boxiy, that isj the quantity or 
state of caloric which affects the senses, and gives rise to 
the sensations of heat and cold ; which; state is- expressed 
by the word temperature. 

8—5 
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"We are now inquiring, not after the absolute quantity 
of caloric contained in any body, but how much the tem- 
perature of one body is greater or less than the temperature 
of another ; and this is done most readily, by observing the 
relative effects which the temperature of these bodies has 
on some other substance which is affected by them. Now 
the bulk of all substances is affected by variations in the 
temperature, increasing with aa increase of temperature, and 
decreasing with a decrease. And the slightest variation in 
the temperature produces very great increase or decrease in 
the bulk of some substances, as for instance, in the bulk of 
atmospheric air and of all the gases. 

But liquids are better adapted for measuring variations 
in temperature than either gases or solids; for the variations 
in the bulk of the former are too great, and of the latter 
too small, to be generally useful. Another point to be 
attended to is, that the expansion and contraction of the 
substance used, must be regular and uniform. Mercury 
answers these purposes better on the whole than any other 
liquid. For it can be subjected to great heat and cold, 
■without boiling and ■freezing, and its expansion and con- 
traction between the freezing and boiling points are very 
regular and uniform. Jts expansion and contraction are 
best observed by enclosing it in a tube, and an instrument 
of this kind is called a thermometer. We will now proceed 
to explain 

77ie common Mercurial Thermometer. 

163. Having taken a glass tube of about eight inches 
long and of very small but uniform bore, let one end be 
fused and blovm into a bulb. Let the bulb and tube be 
heated so as to rarefy the air, then if the open end be 
immersed in mercury, as the air cools and contracts, the 
pressure of the atmosphere will force the mercury up 
the tube into the bulb. Should a sufficient quantity of 
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mercury to fill the Ijulb, and aboot a third af the tube, not 
be forced in, the operation may be repeated. The tube 
must then be hennetically sealed ; this is effected by heating 
the mercury, go that it rises to the top of the tube and 
expels the air, and then darting the fine pointed flame fro^i 
a blow pipe across the end of the tube, the glass is fused, 
and the orifice stopped, before the mercury has descended 
at all from the top of tbe tube. 

The tube must now be graduated so that the tempera- 
tures indicated by different substances may be compared 
together, and that different thermometers may be compared 
togetflier, two fixed and invariable points mnst be obtained, 
which shall be the same in every thermometer. The prac- 
tice now universally followed was introduced by Newton, and 
is founded on the fact, that a therniometeir plunged into ice 
that is thawing, stand? at the saipe height in »li countries ; 
and also that under the same pressure of the atWQSphere, a 
thermometer plunged into boiling water stands invariably 
at the same height. These two facts give the invariable 
points which are so necessary. The thermometer is placed 
in a vessel containing snow or pounded ice which is just 
thawing, and when the mercury in the tube is observed to 
be perfectly stationary, the point at which it stands is marked 
as the freezing point, or point of congelation. 

Again, the thermometer is held in the vapour of boiling 
water, and the vapour being allowed to pass ofi^ a fresh 
supply of vapour comes constantly jn contact with the tube, 
and when the mercury has become perfectly stationary, the 
point at which it stands is marked as the boiling point. 

The rise of the vapour js cQnsideral}ly affected by the 
pressure of the atmosphere (Art. 192). Hence to avoid all 
inaccuracy, some standard must be chosen, and the pressure 
when the barometer stands at 30 inches, is generally used 
in determining this point. 
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164. Prop. To compare the graduation of Fahrenheit's, 
Bieawmur'g^ and Cehuis, or the Centigrade Thermometer. 

The invariable points of freezing and boUing being fixed, 
the distance between them is difierently divided in different 
thermometeis. 

In Fahrenheit's, the distance is divided into 180 equal 
parts, called degrees; the freezing point being 32', and the 
boiling point consequently 212°. 

In Eeaumur's and the Centigrade, the freezing point is 
the zero of the scale ; and the distance between the freezing 
and boiling points, is in Eeaumur's divided into 80 equal parts, 
and in the Centigrade into 100. 

The same distance is divided in the tliree thermometers, 
180", 80", and 100". Hence, indicating the respective ther- 
mometers by the initials F, B, C, the length of a degree in 
■each will be as follows : 

lOF. : l«i?. : \'>C. 



1 

180 


1 

80 ■ 


1 
100 


1 
9 ' 


1 

4 ' 


1 
■ 5' 



But the temperature is measured by the number of 
divisions contained in equal portions of the stem of the re- 
spective thermometers. Now the zero point of Fahrenheit's 
is 32 degrees below freezing point. If therefore F" - 32, 
E", C\ indicate the same temperature on each of the three 
thermometers, we have the proportion 

2ro_32 : C" : ^» :: 9 : 5 : 4, 

whence result the following equations for passing from one 
scale to another. 

4 (/'" - 32) = 9R\ 5 {FO - 32) = 90% 5^" = 4C", 
or,i(i?-0-S2) = ii?"=ie'", 
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The divisions principally used are those of Fahrenheit 
and the Centigrade, and the equations for passing from the 
indications of the Centigrade to those of Fahrenheit are 

F0=32 + ^0", CO = I (FO- 32), 

that is, " add 32 to f ths of the number indicated on the 
Centigrade, and the result is the numher ■which would be 
indicated by Fahrenheit," "subtract 32 from the number 
indicated by Fahrenheit, and fths of the remainder is the 
number which would be indicated by the Centigrade." 

165. The mercurial thermometer answers extremely well 
for all temperatures between freezing and boiling; for although 
mercury, like all other liquids, expands in an increasing ratio 
as the temperature increases, that is, the same quantity of 
heat causes a greater expansion of the mercury when the 
temperature is near the boiling point, than when it is near the 
freezing point, yet between these points the ratio of this in- 
crease is precisely the same as the increase of the glass ; hence 
the increasing expansion of the tube and bulb compensates for 
the increased bulk of the mercury, so that no correction is 
requisite on this score. But for temperatures beyond the 
boiling point, glass expands more rapidly than mercury. 

Hence though the mercurial thermometer may be made 
to indicate temperatures which exceed 212''F., or fall below 
zero, by continuing the division of the stem either way, yet 
,since the variations are not so regular as between these 
points, and require some corrections, it does not answer 
■equally well. Beyond 212", the expansion of glass increases 
in a more rapid ratio than the expansion of mercury, so 
that the real expansion is greater than the apparent. Add 
to which, mercury boils at about GGO^F., and freezes 
^t - Sg^F,, that is, at 39 degrees below aero. 
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Hence also it cannot be employed at all to measure 
greater degrees of heai or cold than these, and recourse must 
be had in these cases to the following methods. 

The Pyrometer. When intense heat is to be measured, 
an instrument called the Pyrometer is used, which is made 
of a solid or gaseous substance. 

Daniell's Pyrometer is the one in general use; it con- 
sists of a small rod of platinum 10^ inehes long, which is 
placed in a tube of black lead or earthenware, and the 
difference between the expansion of the platinum stem and 
the enclosing tube, is indicated on a circular scale. One 
degree of this pyrometer corresponds to seven of Fahrenheit, 
and veiy high temperatures may be measured by it. 

Alcohol Thermometer. When any intense cold is to be 
measured, a thermometer filled with spirits of wine, instead 
of n ercury, is used. For spirits of wine or pure alcohol 
has hitherto retained its fluidity under every degree of cold 
to which it has been subjected. 

J66. Heffister Thermometer. For some purposes, espe- 
cially in making meteorplogioal observations, it ig very d^sira- 
ble to be able to ascertain th^ highest and lowest t^peratures 
which may have taken place during the absence of the 
observer. This is efiected by two thermometers, one filled 
with mercury, and the other with alcohoL The bulb is bent 
at light angles to the stem, so that the graduated stem may 
conveniently be placed in a horizontal position. 

A small cylindrical piece of black enamel is placed in 
the stem of such a size as to move freely in the tube. 

When the mercurial thermometer is to be left, the 
enamel, by holding the stem vertically, is shaken down so 
as to touch the mercury. Then the stem being placed 
horizontally, as the mercury expands, the enamel floating 
on the mercury is pushed forward, and when the mercury 
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recedes, the enamel stays at the point to which It has been 
conveyed. Thus the highest temperature which has taken 
place daring any interval is accurately known. 

When the alcohol thermometer is to be left, the enamel is 
placed in the same manner in contact with the surface of the 
spirit, and as the a.lcohol contracts, the enamel recedes with it, 
owing to its adhesion to the spirit. When the alcohol expands 
again it readily passes beyond the enamel, which being of 
much greater specific gravity than the spirit, stays at the 
point to which it has been drawn. 

167- Difference between Teanperature and Heat. The 
temperature of a body may be defined to he its state with 
respect to heat, as indicqj;ed by the thermometer or by our 
feelings. The thermometer gives us no information respect- 
ing the quantity of caloric cojitained in any substance, it 
only gives us a measure of the same kind of knowledge, 
as that, which may be discovered by our feelings alone. 
The information which our feelings give us is, from causes 
which will be mentioned hereafter, necessarily very uncer- 
tain ; but still, it is the same in kind, as the preceding. 
It must be remembered also, that these degrees of tempe- 
rature are the divisions of an arbitrary scale, chosen at con- 
venience, and without ^ny reference to the absolute quantity 
of caloric which exists in bodies. 

The term heat has two distinct meanings, being used to 
express a sensation which can only exist in a sentient being, 
and the unknown quality of bodies by which they excite in 
us that sensation. When used in the latter sense it is synony- 
mous with the term caloric, which is employed exclusively to 
signify the quality of bodies which excites the sensation, or, 
the cause and agent of the efiects which we see produced. 

These observations, and the frequent reference which 
must be made to the agency and laws of heat for the 



l84 TEMPER ATUBE AND HEAT. 

explanation of certain physical phenomena, render a brief 
Explanation of the laws which have been made out in this 
branch of philosophy necessary for our present subject. 

168. PkoI>. Heat is an inseparable quality of matter, 
and is readily transferred from one hody to another. 

No substance has been found absolutely devoid of heat, 
for any substance, however apparently so, may be made 
to cause a rise of the thermometer, and thus indicate the 
escape of heat. Thus heat is transferred from the substance 
to the thermometer, and this transfer takes place most 
readily and quickly. For if a cup of mercury at 60" F. be 
placed in water at 212" i^., an equilibrium of temperature 
will soon be established, so that a thermometer vi^ill stand 
at the same height both in the mercury and in the water. 

The varying sensations of heat and cold arise partly from a 
like cause. On touching a body whose temperature is different 
from the temperature of the hand, the equilibrium of tempera- 
ture will soon be established, and the substance feels hot or 
cold, according as the temperature of the hand is being raised 
or lowered. 

It would he foreign to our present purpose to enter upon 
the question as to the nature of heat or caloric ; whether 
it be a subtle fluid emanating from hot bodies, and entering 
betwixt the particles of cold bodies, or whether it be a vibra- 
tion or state of particles *. 

169. Prop. Heat is transferred by communication and 
radiation ; the intensity of the communicated heat depends on 
the nature of the substances in contact, and the intensity of the 
radiated heat varies inversely as tlie square of the distance. 

The transfer of heat by communication may be distin>^ 
guished into transfer by conduction, and transfer by con- 

• See Webster's Elements of Physics, Art. 188. ■ 
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vection*; the former temi teing applied to the method of 
transfer which takes place in solid bodies, and the latter in 
fluids. 

When a solid mass is placed in contact with a hot sub- 
stance, the heat is communicated from the one to the other, 
and is transmitted through the solid, being conducted from 
one particle to another with a velocity which depends on 
the nature of the substance in contact; hence substances 
have been divided into good and bad conductors. Thus, a 
{)iece of metal is a very good conductor, and a piece of glass 
a bad conductor, and a piece of silk or fur a very bad con* 
ductor. The difference in the conducting power of different 
substances, serves to explain the different sensations of heat 
and cold which we experience on touching substances in 
which the thermometer indicates the same degree of tem- 
perature. Thus if the hand be laid on a piece of marble, 
on a table, and on the carpet, all of which being in the same 
room, will indicate the same degree of temperature, if the 
bulb of a thermometer be applied to them, the sensations 
will be extremely different; the marble is a good, and the 
■carpet a bad conductor. 

But when heat passes by communication from a hot 
body into fluids, the transfer takes place in a very different 
manner. A fluid becoming heated expands, and then being 
specifically lighter than that part of the surrounding fluid 
which has not received an increase of temperature, the par- 
ticles ascend, and fresh particles descend into their places; 
and the transfer of heat by this motion of the particles is so 
rapid, that if one thermometer be placed at the top and 
another at the bottom of a vessel of fluid, which is heated 
from below, the upper thermometer will begin to rise almost 
as soon as the lower; this then is the transfer by convection. 

' For this term, which was mach wanted, we are indebted to Dt 
.Prout, Bridgewater Treatise, p. 65, 
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The conducting power of fluids is extremely small. For 
if heat be applied to the upper surface of a fluid, this mo- 
tion of the particles cannot take place, and consequently 
the only transfer of heat which can take place, will be by 
conduction, in consequence of the eontact which subsists 
betwcMi the particles. And the transfer which takes place 
in this way is so small, that Coupt Rumford denied that 
water could conduct at all. But it appears that all fluids 
conduct lieat ia a slight degree. 

Hence tbe transfer by communication, that is, by con- 
duction and eonvectiop, depends on the nature of the substance. 
The radiation of heat is that transfer which would take 
place in vfictto, au,d must be .equal in all directions. Now 
the inteiigity of tjie beat js evidently less the greater the 
distance ; and if the rays of heat diverge in right lines in 
every direction, a surface similarly situated with respect to 
every part of the body will -be similarly affected. Hence if 
any number of spherical surfaces be conceived to be de- 
scribed about the hot body, each of these will be acted on 
by the same number of rays. And the surfaces being in 
the direct ratio of the squares of the distance, the number 
of rays, that is, the intensity of the heat is as the inverse 
square of the distance. 

When a heated body is suspended in air, the cooling 
takes place, or the heat is transferred to ,the sijrrounding 
bodies, in all three ways. But the quantity which passes 
away by convection and radiation, is so much greater than 
that which is conducted from particle to particle, that the 
latter quantity camiot be calculated. 

170. Prop. Fiuliated heot w reflected in right lineg, 
the angle of refiectiofi b^fig equal to the a'n^U of incidence, 

A small heated ball, or a ball containing hot water, was 
placed in the focus of a concave highly polished reflector. 
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tbe rays of heat radiate^ from the warm mass were reflected 
at the surface of this reflector, and received on another 
reflector in the focus of which the bulb of a small ther- 
mometer was placed ; th^ thermometer indicated an increase 
of temperature. 

From the position of these |:eflectp!m, it is evident, th$it if 
the rise of the thermometer were piying to the heat being 
twice reflected, tfaep i^ must b@ rejSepted in right lings, the 
angles of incidence and I'efl^ction being equal- That this 
is really the case is made evident by miag the difierential 
thermometer. 

This thermometer consists of a glass tube bent twice at 
right angles, and baving a bulb s^t the end of each «f tjje 
vertical stems- 

The tube is nearly filled with sulphnric acid coloured with 
carmine, the bulbs being left full of air. Snch an instrument 
cannot be affected by any change of temperature acting equally 
on both bulbs, but if tliere be the slightest variation in the 
temperature of either of the bulbg, the elasticity of the air in 
the one becoming greater than in the other, the liquid will be 
driven towards the bulb whose temperature is the lowest. 

Now if the heat were transferred in any other manner 
than by reflected radiation, from the warm body to the 
thermometer, it wojild affect both bulbs equally. This 
however is not the case, for one bulb being placed in the 
focus of the second reflector, the liquid is driven into the 
other bulb, and the quantity ojf liquid which is driven in 
depends on the excess of temperature of the warm body 
above the temperature of the surrounding air. 

171. Prop. Tkofe f^r/ace^ which -reflect worst radi- 
ate best, and conversely; and the aisorhmq and radiating 
powers of any surface are equal. 

By observing in many various experiments the effect 
produced on his differential thermometer, Leslie discovered 



188 



TEMPERATURE AND HEAT. 



that the nature of the surface of a warm body has more to 
do with its radiating power than the substance of the body. 
Smooth and polished metals radiate very imperfectly, but 
the same substances radiate very freely if the polish be de- 
stroyed by rubbing them with a file or scratching them, or 
by covering them with whiting or lamp black. But the 
Reflecting power of smooth and polished surfaces appears 
to be diminished as their radiating power is increased. 

Let a cubical vessel full of hot water, having one side 
bright and another covered with soot or lamp black, be set in 
the focus of one mirror, and the bulb of a differential thermo* 
meter in the focus of another; let the bright side be first turn- 
ed to the mirror, and the thermometer be observed ; then let 
the side which is covered with black be turned to the mirror 
and the thermometer observed, and it will be found that the 
effect produced on the thermometer in the latter case, as comJ 
pared with the effect produced in the former, is as 100 to 12; or 
the black surface radiates at least 8 times as much as the bright 
surface. And from numerous similar experiments it appears, 
that the best reflectors are the worst radiators, and conversely. 

Of the rays of heat which fall on any substance, some 
are reflected and others are absorbed ; and it is evident that 
those which are not reflected must be absorbed. Hence 
the quantity absorbed is less in proportion as the quantity 
reflected is greater, and the same is the case with the quan- 
tity radiated. Since then it appears that the very same cir- 
cumstances are favourable or adverse both to radiation and 
absorption, it is highly probable that these powers are equal. 
And this inference is strongly supported by experiments. 

172. Prop. When a hody radiates more than it ah- 
sorhs, its temperature falls ; and when it absorbs more than 
it radiates, its temperature rises. 

This theory of Prevost serves to explain more facts than 
any other which has been started, and has therefore the 
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strongest claim to be received as the true one. He supposes 
that all bodies are constantly emitting rays of heat in all 
directions, and constantly receiving rays of heat from all 
directions. Consequently if two bodies be situated near 
each other, one of which is of a higher temperature than 
the other, the interchanges will be unequal, and these unequal 
changes having gone on till the two bodies are reduced to the 
same temperature, the rays emitted will be equal to the rays 
received, and therefore the temperature will remain constant. 

Let a ball and a thermometer be placed in the foci 
of two reflectors. Then if the temperature of the ball be 
greater than that of the thermometer, the thermometer 
will rise, because it receiives more rays than it emits. But 
if the temperature of the ball be lower than that of the 
thermometer, the therniometer falls, because it emits more 
than it receives. 

This theory serves fully to explain the apparent radia- 
tion of cold. If a mass of ice or snow be placed in the 
focus of one mirror, and a delicate thermometer in the 
focus of the other, the thermometer will sink. Now, ac- 
cording to the theory of Prevost, this evidently ought 
to be the case, for the thermometer emits more than it 
receives, and consequently continues to sink until the equi- 
librium of temperature is established. When the ice is 
removed, the thermometer rises again, because then it 
receives more rays from the surrounding objects than it 
emits. A beautiful application of this theory takes place 
in explaining the formation of dew. 

173. Cooling of bodies. It appears that the heat passes 
from a body by communication and radiation, and the rate, 
of cooling depends on the nature of the surrounding sub- 
stances. It is evident that a red-hot ball loses a great 
deal of heat during the first few instants, and that the 



190 TEMPERATURE AND HEAT. 

quantity lost each instant is much less, as the temperature 
of the ball approaches the temperature of the surrounding 
bodies. It was attempted by Newton to establish the rate 
of cooling; that is, the number of degrees of heat lost by 
a hot body during equal portions of time; and thence, to 
discover a, law of cooling, that Is, the relation which different 
rates of cooling bear to each other, according to the circum- 
stances of the case. Newton thought that the quantities of heat 
lost in given small times bear a constant ratio to the excess of 
the temperaturj of the hot body above the surrounding bodies 
at the beginning of that time. 

On this hypothesis, it will follow that the times being 
taken in arithmetic progression, the rates of cooling are in 
geometric ; and the law thus deduced appears to hold very 
well for the cooling of bodies whose temperature does not 
exceed 212"; but for higher temperatures the rate of cooling 
is far greater than what the Newtonian law gives *. 

The subject has been thoroughly investigated by Dulong 
and Petit, and the following facts have been established by 
them t. 

When a body cools in vacuo, the heat which it loses 
IS entirely owing to radiation. "When it cools in any kind 
of air, the process gees on more rapidly, because the quantity 
of heat radiated is the same as in vacuo, and an additional 
quantity is transferred by convection (Art. I69). 

The rate of cooling of a liquid contained in a vessel is not 
altered by the size nor by the shape of the vessel. 

The celerity with which heat is communicated from 
hotter bodies to colder ones, all other circumstances being 
the same, depends on the extent of contact and closeness 
of communication between the substances. This last fact 

• See Theory of Fluids, Art. 101, and Kelland's Theory of Heat, 
Arts. 36—43. 

-(- See Thomson, On Heat and Electricity, p. 115. 
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IS qtiite conformable to general experience, and explains 
■why heat passes very slowly through bodies which are of 
a rough and spongy texture. Hence wood transmits heat 
more slowly than metals, cork more slowly than wood ; 
and wool, feathers, and furs, more slowly stillj hence these 
substances are used for clothing in cold weather. And the 
same substances will equally prevent heat from entering 
other bodies ; thus a piece of ice may be kept from melting 
in a warm room by being well enveloped in fur. 
On the Specific Hedt of Bodiig. 

174. The thermometer gives no information whatever 
respecting the absolute quantity of caloric contained in, or 
communicated to any substance. For if two vessels of unequal 
size be filled with Water from the same source, the ther- 
mometer will indicate the same temperature on being placed 
in either of them, whereas it is evident that the larger 
must contain a greater quantity of heating matter, that is, 
a greater quantity of caloric than the smaller. Also if a 
number of different bodies be so situated that they must 
receive equal quantitios of caloric from some external source, 
it will be found that the heating effects upon each of them, 
as indicated by the thermometer, are not equal. If equal 
quantities of water are mixed together, one portion at 100", 
and the other at 50", the temperature of the mixture will be 
the arithmetic mean of the two temperatures, or 75". But if 
equal quantities of different substances be mixed together, the 
result is very different. If a pound of mercury at 160* and a 
pound of water at 40" be mixed together, the resulting tem- 
perature will be 45"; but if the water had been at 160", and 
the mercury at 40'', the temperature of the mixture would 
have been 155". 

Thus it appears that the same quantity of heat, as in- 
dicated by the thermometer, gives 5 degrees to water, and 
115 to mercury, which is in the ratio of 1 to 23. Hence, 
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in • order to increase the temperature of equal weights of 
water and mercury to the same extent, the water will 
require 23 times more heat than the; mercury; or if equal 
quantities of heat be added to equal weights of water and 
mercury, their relative increase of temperature will be ex- 
pressed by the numbers 1 and 23. 

All other substances are subject to a similar law, and 
the general proposition which may be considered as esta- 
blished is, that equal quantities of different bodies require 
unequal quantities of heat to heat them equally, or, that dif- 
ferent bodies have different capacities for heat. Now it is 
necessary to have some term whereby to express this ex- 
traordinary quality of bodies, and the term specific caloric 
or spedjic heat has been adopted. The fact to be borne 
in mind in the application of this phrase is simply this, 
that every body requires a certain quantity of caloric to 
raise its temperature a certain number of degrees, and the 
quantity of caloric required to heat equal quantities of water 
and mercury one degree being in the ratio 23 to 1, the 
specific heats of water and mercury are expressed by these 
numbers. 

It is very convenient to compare the specific heat of 
other substances with that of water. Hence if the specific 
heat of water be taken as unity, we have the specific heat 
of mercury 

: the specific heat of water (=1) " 1 : 23; 

.•. the specific heat of mercury = — = "0434. 

The experiments requisite for determining the specific 
heat of substances, and especially of gases, are extremely 
difficult, and the results very uncertain. The following 
circumstances are peculiarly worthy of notice* : 

• Tuiner'^ Chemistry, pp. 53, 54. 
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(1) Every substance has a specific heat peculiar to 
itself, whence it follows,, that a change of conoposition will 
be attended hy a change of capacity for heat., 

(2) The specific heat of a body varies with its form ; 
a solid has a smaller capacity for heat than the same sub- 
stance when in a state of liquid ; the specific heat of water, 
for instance, being 9 in the solid and 10 in the liquid state, 

(S) When any given weight of gas varies in density 
and volume under the same pressure, as when expanded by 
heat, its specific heat is unaltered. 

(4) The specific heat of equal weights of the same gas 
changes with their density and elasticity. Thus when 100 
measures of air expand by diminished pressure to 200 mea- 
sures, its specific heat is increased : and when the same quantity 
of air is compressed into 50 measures, its specific heat is 
diminished ; that is, the specific heat varies as the volume. 

(5) The specific heat of a substance is greater at high 
than at low temperatures of the substance; this appears to 
be owing to their dilatation. 

(6) Change in specific heat is always accompanied by 
a change in temperature ; increase iu the former being 
accompanied by diminution in the latter, and conversely. 
Thus when air, confined within a flaccid bladder, is sud- 
denly dilated by means of an air-pump, a thermometer 
placed in it indicates diminished temperature. On the con- 
trary, when air is compressed, the corresponding diminution 
of its specific heat gives rise ta increase of temperature; 
and so much heat is evolved by sudden and forcible com- 
pression, that tinder may be kindled by it. 

Theovy of Sound. The change in the specific heat of 
gases consequent on a change in their density, and the 
elevation of temperature consequent on sudden compres- 
sion, are of great importance in all inquiries respecting the 
w. p. H. 9 
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velocity of a transmitted Tibration in an elastic fluid- I 
calculating the velocity of sound, theory gives too small a 
velocity, unless a correction be made for the change conse- 
quent, on the increase of temperature*. 

JHiffk pressure steam does not scald. By high pressure 
steam is meant steam which being raised from water of more ' 
than 2120 ^_^ i,as an expansive force greater than the atmo- 
spheric pressure. If the hand be held in steam issuing from a 
vessel where water boils freely, it receives a severe scald ; but 
if water be heated in a close vessel to a very high temperature, 
the hand may be held with impunity in steam rushing from 
water of such a temperature when the valve is opened. 

Such steam possessing very high elastic force, expands 
insta,ntly to many time^ its original volume; this great 
increase of volume is accompanied with a corresponding 
increase of specific heat and diminution of temperature. 
(Oba. 4 and 6.) 

175. The air becomes colder as we ascend. The air 
receives heat both from the sun and the earth, but the 
greater quantity from the latter; and when it becomes 
heated it expands and rises so that there is a constant trans- 
fer of hot air from the lower to the upper strata; it would 
appear therefore that the upper parts of the atmosphere 
ought to be at least as hot if not hotter than the lower. 
But the contrary is known to be the case, and the tempe- 
rature diminishes by about 1" for every 350 feet that we as- 
cend. But the specific heat varies as the volume of a given 
quantity of gas (Art. 174, 4), hence when a quantity of 
atmospheric air is transferred to the upper regions, being 
increased in volume, its specific heat is increased; and if 
its specific heat is increased its temperature is diminished 
(Art. 174, 6). Hence it follows that the temperature of 

• See post, Alts. 222—4, and Theory of Fluids, Art. 142. 
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the upper regions is less than that of the lower, and since 
the density of successive strata diminishes in geometric pro- 
gression (Art. 119), the specific heat of each stratum •will 
increase, and therefore its temperature will decrease. 

176. Level of perpetual snow or congelation. The vo- 
lume of a given portion of air will increase in a geometrical 
progression as it ascends, hence its temperature will fall 
rapidly, and therefore there will be ahove every place on 
the earth's surface some elevation at which the temperature 
is never above 32" F., which will be a point of perpetual 
congelation. The level on which this point is situated will 
be very different in different latitudes; and will depend 
partly on the general diminution of temperature as we travel 
from the equator polewards, but jaincipaUy on local circum- 
stances. Wherever an extensive tract of cultivated land 
occurs, the level of congelation will be much higher than is 
due to the latitude of the place, and where extensive gliadeis 
exist on an uncultivated tract, it wiU be lower. 

Latent Heat. 

177- The singular facts stated in the preceding article, 
that substances of equal temperature contain unequal quan- 
titles of heat, and that in making a mixture of two different 
substances a certain quantity of hea^ becomes absolutely lost, 
or at least insensible, lead to the theory of latent heat. 

Black supposed that heat exists in bodies in two opposite 
states; in one it is supposed to be in chemical combination 
exhibiting none of its ordinary characters, and remaining, 
as it were, concealed without evincing any signs of its 
presence ; in the other, it is free and uncombined, passing 
readily from one substance to another, affecting the senses 
in its passage, determining the height of the thermometer, 
and in a word, giving rise to all the phenomena which are 
attributed to this active principle. The heat which exists 

9—2 
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in the fonner state, Black calls latent, and in the latter free. 
Perhaps the terms sensible and insensible are preferable, 
since* they express the fact without any reference to the 
cause of it; and all we at present know is, that a certain 
quantity, of heat which was sensible, that is, indicated by the 
thermometer, becomes insensible, or ceases to be indicated 
by it. 

178. Prop. During the process of liquefaction heat 
becomes insensible, and during the process of congelation it 
becomes sensible. 

The theory of latent heat was adopted by Black to explain 
the phenomena of liquefaction and vaporization, as exhibited 
in facts similar to the following. 

If a pound of water at 32" be mixed with a pound 
of water at 172", the temperature of the mixture is inter- 
mediate or 102", thus one loses as much as the other gains. 
But if a pound of water at 172" be added to a pound of 
ice at 32", the ice will quickly dissolve, and on placing a 
thermometer in the mixture it will be found to stand not 
at 102" but at 32". Thus the pound of hot water actually 
loses 140 degrees of sensible heat, all which enters into the 
ice and causes its liquefaction, but without in any way 
affecting its temperature; thus it appears that a quantity 
of heat sufficient to raise a pound of water by 140 degrees 
becomes insensible during the melting of a pound of ice. 
This explains the well-known fact on which the graduation 
of the thermometer (Art. 1 63) depends, that the temperature 
of melting ice or snow never exceeds 32"^.; the temperature 
makes a stand, and all the heat which is added becomes 
insensible till the liquefaction is complete. And not only 
does a quantity of heat become insensible during lique- 
faction, but a quantity becomes sensible during congelation. 

* Turner's Chemistry, p. 47. 
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If when the air is at 22" a quantity of water in a tall glass 
be exposed to it, the water gradually cools down to 22" 
without freezing. It is therefore 10 degrees below the 
freezing point. If the water be then slightly shaken, part 
of it instantly freezes, and the temperature of the whole 
instantly rises to the freezing point; so that the water has 
acquired 10 degrees of heat in an instant. Thus it ap- 
pears that the instant the water passed into the solid 
state a quantity of heat became sensible, which was before 
insensible. 

It is also found that if a delicate thermometer be sus- 
pended above water in the act of freezing, it is affected 
by a stream of air of higher temperature than the sur- 
rounding air*. 

The temperature of water in the act of freezing con- 
tinues at 32" even when exposed to an atmosphere in which 
the thermometer is zero. Now if water under such cir- 
cumstances is to preserve its temperature, heat must be 
supplied to it as fast as it is abstracted. Whence can it be 
supplied but from the heat which during the process of 
liquefaction became insensible? 

179. Prop. During the formation of vapour heat be- 
comes insensible, and during its condensation heat becomes 
sensible. 

Several cylindrical tin vessels containing water were 
equally heated. The temperature of the water was 50", and 
in 4 minutes the water boiled, and in 20 minutes the whole 
had passed off in vapour. Now since the water was raised 
from 50" to 212" in 4 minutes, it follows that it received 
a quantity of heat each minute 

=5— — = 40-5". 
4 

• See Thomson, Ore Heat and Electricity, p. 180., 
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Hence in 20 minutes it received a quantity of heat equal 
to 810", by which it was enabled to pass off in vapour; and 
yet the temperature of the steam was never above 212". 

Again, water was heated in a strong close vessel called 
a digester to 400" F. On opening the valve about one-fifth 
of the water passed off in steam, and the temperature of 
the rest fell immediately to 212" ; thus the escape of a small 
quantity of vapour is accompanied with a great loss of sensible 
heat, which equals 188" x 5, or about 9*0". 

When a quantity of steam is condensed into water, the 
heat again becomes sensible, and it appears from the expe- 
riments of Black and Watt, that steam of 212" in being con- 
densed into water of 212", gives out as much heat as would 
raise the temperature of an equal weight of water by 950 
degrees, all of which had been previously insensible to the 
thermometer. 

From these two facts, it appears that steam is water 
combined in some way or other with about 945" of heat, the 
presence of which is not indicated by the thermometer. 

180. Fluidity the consequence of latent heat. From 
numerous experiments, some of which have been mentioned, 
it appears that when a solid is converted into a liquid and 
liquid ilito vapour, a very great quantity of heat becomes 
insensible. Hence Black concluded that since this quan- 
tity of heat does not make the body apparently warmer, it 
must be thrown into it in order to convert it into a liquid ; 
and that this great addition of heat is the principal and 
most immediate cause of the fluidity induced. It appears 
also that when a liquid assumes the form of a solid, a very 
great quantity of heat leaves it without sensibly diminish- 
ing the temperature ; whence it may be concluded that this 
state of solidity cannot be induced without the abstraction 
of this great quantity of heat. 
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181. Before quitting this subject, a few phenomena of 
common occuiience and referable to these principles are 
worthy of notice. 

Slaking of lime. When water is ponred on fresh burnt 
lime, intense heat is evolved. Here Water is passing into a 
solid state in consequence of its combining with the lime, and 
consequently, heat which was before insensible becomes sensible. 

Mixture of sulphuric acid and water. In this case heat 
becomes sensible, but there is a diminished volume; a pint 
of each does not make a quart when mixed. 

Freezing mixtures. The general theory of these mix- 
tures is, that one if not all the component substances is 
solid, and when mixed they begin to liquefy. Thus heat 
becoming insensible as the substances pass from a solid to 
a liquid state, cold is generated. 

Annealing. Most metals are both malleable and ductile. 
Now when metals have been hammered they become brittle, 
and their malleability can only be restored by heating them in 
the fire and cooling them slowly. This process is called an- 
nealing. But the point to be attended to is, that during the 
hammering of them they become hot, or heat becomes sensible, 
thus their brittleness appears to be occasioned by heat being 
forced out, and their previous qualities are restored by re- 
placing this heat which has been forced out. 

For the mathematical part of this most important sub- 
ject the student is referred to the Thewry of Heat, by Mr 
Kelland. 

181 a. Perkins's Hot Water Apparatus. The laws of 
water in relation to heat are well illustrated by an appara- 
tus known as Perkins's system of hot Water apparatus for 
warming buildings, heating .liquids, evaporating syrup of 
sugar, melting soap, and other purposes in which heat of 
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various degrees requiring to be regulated with great pre- 
cision, is employed. A peculiar feature also of this system 
is the transfer of heat to a considerable distance from the 
generating source with the least practicable amount of loss. 
These objects are effected by means of water circulating 
in an hermetically closed circuit of pipe; the circulation 
being occasioned by the inequality of pressure introduced 
into the circuit by reason of the less specific gravity of the 
more heated portion of the water. 

The furnace or source of heat consists of a coil of iron 
pipe*, within which the fire is placed^ the pipe at the 
upper part of the coil rising up and connecting itself with 
other coils situated in the places to which the heat is trans- 
ferred, and the lower part of the coil being connected with 
the return pipe from these coils. Suitable apparatus, as an 
expansion tube or a valve connected with a reservoir into 
which the water from the interior of the pipe may flow on 
its expansion, and from which the water may be supplied 
on its contraction, is placed in any convenient part of the 
circuit, generally in immediate connexion with the highest 
part of the circuit. These coils so connected together form 
one continuous pipe or circuit in which the heated water 
can circulate. The circuit of pipe _ having been filled with 
water (by means of a force-pump when necessary), and the 



• The pipe employed is that known as Russell's (inch diameter) 
drawn iron tubing, which can be bent cold and turned in any direction. 
This pipe is manufactured in lengths of about 15 feet; and the manner in 
which these lengths are joined together so as to form one cpntinaous 
metallic pipe, is especially deserving of notice. The two pieces to be 
joined must be brought together endwise, the one end being formed as a 
plain butt, and the other end being tapered off so as to present a chisel- 
edge ; a right-hand screw is cut upon the end of one length, and a left- 
hand screw upon the end of the other length, and a screw-collar being 
placed betwixt them, the two pieces are brought together by turning this 
screw-collar until the chisel-end cuts" into the plain butt-end, and thus 
forms a perfect metallic joint, as sound as any other part of the pipe^ 
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aperture ty which it was filled closed, the apparatus is 
complete. On the fire being lighted in the furnace or ap- 
plied to the lower part of any coil, or to any part of the 
circuit presenting a vertical or ascending column, the water 
in the interior becomes heated and expands, the portion of 
the circuit so heated and expanded displaces a portion of 
the water above it, and having become lighter is unable 
to counterbalance the pressure of the colder column at its 
lower extremity, it consequently rises, and thus establishes a 
current throughout the whole circuit however long; as the 
temperature increases the rapidity of the circulation also 
increases, the water flowing away heated from the upper 
part of the coil and returning, after having parted with its 
excess of heat, to the lower part of the coil. This motion is 
continuous, and may in this respect be compared to the mo- 
tion of the water in a siphon (Art. 144), or to an endless 
cbain which receives continuous and uniform impulses as it 
passes a certain point. 

It will be observed that this continuity of action results 
from the water being contained in an hermetically closed 
circuit; if the circuit were open to the atmosphere the 
water would be forced out, and the continuity of the chain, 
and consequently of the motion, destroyed. The pipe may 
be bent in any conceivable direction, and in warming rooms 
it may be carried over the tops of windows and doors, or 
under the floor, and adapted to any species of architectural 
embellishment. If the pipe at any part of its circuit should 
dip below the bottom of the furnace-coil, care must be 
taken to have a considerable excess of ascensional column, 
that is, of head of heated column arising from the upper 
part of the furnace-coil, otherwise the motion may not go 
on; hence in warming rooms on the same floor, supposing 
the furnace-coil to occupy the place of the ordinary grate^ 
and that no considerable height of ascending column can be 

9—5 
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had, it is expedient that the return pipe should not dip 
helow the level of the bottom of the furnace-coil. It ■will 
generally happen that the fiimace-coil is considerably below 
the level of the places to which the heat is to be transferred, 
as in the basement of the building to be warmed; in such 
cases the other coils may be placed in any convenient situ- 
ations and in any number, all being connected together m 
succession at their upper or lower portionSj as their respec- 
tive levels may render most suitable for keeping the circuit 
as much as possible on one continuous ascent to its highest 
part, and on one continuous descent to its lowest part. 
The water so circulating in an hermetically closed circuit is 
constantly under pressure and in contact with the pipe; conse- 
quently no generaton of steam or deposit can take place, and 
the water may acquire extremely high degrees of temperature*. 
So great is the rapidity of the circulation, that the heat of the 
water may by clothing the pipe, be transferred without sensible 
diminution to a distance of many hundred feet; the heat is 
given out by the radiation of the pipe, and this caeteris paribus 
being in proportion to the surfaces exposed, the extent of 
surface or number of convolutions of the pipe constituting 
the coil at any particular place will depend on the heat required 
to be supplied at that place, and the cooling will go on subject 
to the laws which have been just explained (Art. 173). The 
coil of pipe from which the heat is to be given, ofi^ may be 
placed in a elose vessel containing water, thus constituting a 
safety steam-boiler for generating steam, or at the bottomi of 
a bath for heating the water to the required temperature, 
and fen various other purposes in the arts; the requisite 

* The tentperature which the water can acquire will depend on the 
quantity of pipe outside the furnace, and on the furnace power or fire ; 
by increasing the length of the circuit, the furnace or heating power 
being unaltered, the temperature of the contained water may be kept 
down to any convenient degree. 
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temperature when once ascertained for each particular ap- 
paratus being capable of regulation with the greatest nicety. 
The pipe, from its having the water always in close contact 
with it, and from the heated part of the circuit being ra- 
pidly swept away and replaced by the colder portion, is, 
practically speaking, almost indestructible. Another pecu- 
liar feature in this apparatus is the absence of any boiler; 
the circuit is of uniform diameter or section throughout, 
and each portion of the water is heated in succession as it 
passes through the part of the coil constituting the furnace. 
The tubing is so strong that it cannot be burst Of rent 
under ordinary circumstances; and the phenomena ob- 
served when the pipe has been burst for the purpose of 
experiment are very curious. The pipe being of vwought 
iron yields or stretches until a slight rent or slit, generally 
imperceptible to the eye, takes places; from this rent a small 
qiuantity of water issues in the form of steam, which being 
of extremely high pressure is cold to the hand and passes 
at once into insensible vapour (Art. 174) ; the escape of 
that portion relieving the extreme pressure the circulation' 
may go on as before. The rending of wrought iron tubes 
filled with water or steam when subjected to an intense 
beat in a furnace without the least danger to bye-standers, 
was the subject of many interesting experiments by Mr 
Perkins in generating steam for his steam-gun (Art. 
190), when the attention of scientific men was directed to 
the use of steam for military purposes. The coil employed 
for warming an apartment produces this e£Fect partly by 
radiation and partly by convection (Art. I69) ; the heat dif- 
fused by convection will be increased by introducing cold 
air to the lower part of the coil by a pipe communicating 
with the external air; by this means also the ventilation 
may be assisted, as the fresh air so introduced will displace 
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other air, and produce a change in the atmosphere of the 
building*. 

• This invention is the subject of letters patent, granted originally 
in 1831, and extended in 1845 by the Privy Council to the inventor, Mr 
A, M. Perkins, of Francis Street, Gray's-Inn Eoad, Lon4on, to whom the 
scientific world is so much indebted for researches, in conjunction with his 
father, upon the compressibility of water, and the properties of highly 
elastic steam, and steam surcharged with heat. S^ow as the progress and 
introduction of inventions involving the application of any of the laws 
of nature, and opposed to existing prejudices and interests, have generally 
been, it cannot but be matter of surprise that this invention should hardly 
be known beyond a few public buildings of the metropolis, and the 
mansions of a few of the nobility, whereas the invention is exhibited in its 
most useful form when (employed to warm the hall and passages of an 
ordinary house; the grate in any room conveniently situated being re- 
placed by a basket or coil of the pipe. The author gladly avails himself 
of this opportunity of bearing testimony from actual experience in his own 
house and chambers to the efficiency, cleanliness, and economy of this 
system under circumstances in which no other could have been readily 
practised. In the earlier periods of this invention it was not uncommon to 
dwell on the danger of water heated to a high temperature in close vessels ; 
a representation perfectly true when the water is contained in large vsesels, 
as steam-boilers, in which steam can be generated, but untrue when applied 
to the apparatus of Mr Perkins. 

The above apparatus presents very convenient means for verifying on 
a large scale the laws of convection and radiation. The heat of the pipe 
being observed at different parts of the circuit by suitable thermometers, 
many important practical conclusions as to the rate of cooling in different 
states of the atmosphere and under different circumstances might be ob- 
tained. 

The heat transfused by conduction through the metal of the pipe 
in this apparatus may be disregarded, the pipe participating throughout 
the entire circuit in the temperature of the water in th« interior. 



CHAPTER XIII. 

ON STEAM AND ITS APPLICATIONS. 



182. When the temperature of water Is raised to a cer- 
tain point, the liquid passes into steam, which is an elastic 
vapour capable of re-assuming the liquid form on its tem- 
perature being diminished. 

The temperature at which water passes into and is re- 
tained in the form of steam, is called the boiling point, being 
the point of elevation of the thermometer at which ebullition 
commences. This is a variable point for different liquids, and 
also for the same liquid, when the atmospheric pressure on 
its surface varies. This fact is easily established by observing 
the heights of the same thermometer placed successively in 
the same liquid, which exhibits the phenomena of ebullition 
when placed under the receiver of an air-pump, so that the 
atmospheric pressure is removed from its surface, and when 
in its natural state subject to this pressure. 

It appears that water boils in vacuo at 72" F., thus exT 
hibiting the phenomena of ebullition at 140 degrees lower 
than in the open air. 

N'ow the weight of the atmospheric column is subject 
to considerable variation, so that the boiling point of water 
examined by the same thermometer at different times will 
be different. Hence in the graduation of the thermometer, 
and in all accurate observations connected with the boiling 
point of liquids, the height of the barometer must be observed. 
When the barometer is at 30 inches, the pressure of the 
atmosphere is 15 lbs. on the square inch (Art. 125). This 
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height IS generally taken as a convenient standard whereby 
to compare different observations. 

The ratio between the depression of the boiling point, 
and the diminution of the atmospheric pressure is so exact, 
that Wollaston applied it to determining the height of moun- 
tains. A depression of 1" F. corresponds to an elevation 
of about 5S0 feet. 

183. Phop. The elastic force of steam increases at a 
greater rate than the temperature at which it is generated. 

Steam is water combined with a quantity of heat which 
corresponds to about 950 degrees of Fahrenheit (Art. 1 79) ; 
and steam is generated so soon as the expansive force com- 
municated to water by heat, is equal to the pressure to which 
the surface of the water is subjected. 

Hence, under ordinary circumstances'^ water cannot be 
heated to more than 9,\9P P. ; but when it is confined in a 
strong vessel, vapour collecting above its surface checks ebul- 
lition by its pressure on the surface, and the water may be 
heated to ainy temperature; but the pressure exerted under 
these circumstances on the sides of the vessel will soon be 
sufficient to burst any vessel. 

The rapid increase in the pressure exerted on the sides 
of the vessel in this experiment, depends principally on 
the increase in the density of ths steam which is collected 
above the surface of the water. But, since when steam 
is separated &om water it possesses^ so long as it retains 
its gaseous form, the properties of an elastic fluid, and 
follows for every increment of temperature the l^w of 
elasticity and expansion* (Arts. 89, 92), and though some 
addition to the pressure arises from this source, the rapid 
increase in the elastic foree of steam, when the tempera- 
ture of water in a close vessel is raised, depends prin- 

" Gay.Lussac, Ann, de Chimie, Vol. XLiii. 
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cipally on the increase of the density of the steam, each 
accession of temperature causing a fresh portion of steam 
to rise, which adds its elastic force to that of the vapour 
abeady existing*. 

Now the elastic force of steam at 212", is the same as the 
pressure of the atmosphere, or it will sustain about 30 inches 
of mercury; and the elastic force of steam at 250<* will sustain 
about 60 inches ; the increase of temperature equal to S8° JF*. 
doubles the elastic force of steam ; and from what has been 
said, this steam may be taken as nearly double the density 
of steam at ^l^**. A small partr of the incre£ise in the elastic 
force will bei due to the increase in temperature, but it will be 
only a small part. 

The elastic force of steam at different temperatures 
has been frequently examined, and tables have been con- 
structed by Watt, Dalton, and more recently by Dulong 
and Arago t, all of which give nearly the same rate of 
increase ; and it appears, that if the atmospheric pressure, 
or the elasticity of steam at ZlSf F. be taken as unity, 
the elastic force of steam at 234° F. will be about 1^, 
and at 250** F. will be 2 : thus an increase in the quan- 
tity of heat, indicated by 38" F. doubles the elastic force; 
and it also appears, that a further increase of 25 degrees 
trebles the elastic force, and a further of 18 degrees 
quad^ruples it. Thus, steam at 293" haS) 4 times the elastic 
force of steam at 212" ; and it is also found that steam at 
510" would be 50 times stronger,, that is, would sustain, 
50x30, or 150O inches, or 125 feet of mercury, or exert 
a pressure equal to 15x50 or' 750 lbs. on every square 
inch. Thus the elastic force evidently increases much more 
rapidly than the temperature., 

•Sharpe, Manchester Memoirs, Second Series, Vol. ii. 
t Annalet de Chimie, Second Series, Vol. xliii. p. 374. 
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A table of the elastic force of steam will be given at 
the end of the volume. 

183a. Prop. The gum of the latent and sensible heat of 
steam is a constant quantity. 

It appears from experiments that whatever be the tem- 
perature of steam from 212" upwards, the heat given out, or 
the quantity of heat which becomes sensible on the condensa-i 
tion of a cubic foot of steam is the same ; and this singular fact 
is expressed by saying that the sum of the latent and sensible 
heat is a constant quantity. Taking then the sensible heat of 
steam at 9,\Z'> F. and the latent at QSO" F., we have II620 P. 
as the sum of the latent and sensible heat of steam ; the latent 
heat then of steam of any temperature will be known by 
subtracting the sensible heat from this constant quantity or 
1162". Vapours of other liquids than water, and of a tem- 
perature below 212" jF*,, appear to exhibit the same remarkable 
condition in reference to the sum of the latent and sensible 
heat*. 

184. Generation and Application of Steam. The practical 
application of steam involves two distinct questions, the 
one, how to generate the greatest quantity of steam of a 
given elastic force with the least quantity of fuel, the other, 
how to apply that steam most economically as a motive 
power. Through the medium of steam and the steam- 
engine, the active principles of fuel, or the power resident 
therein, is transformed to other elements, and applied to 
the production of motion. The quantity of steam generated, 
or of water evaporated, will depend on the fiiel employed, 
on the manner in which it is burnt, and on the arrangements 

• See on the Heat of Vapours, and on Astronomical Refraction, by 
Sir J. W. Lubbock, Bart., as to the accuracy of this law, and as to 
whether the true law may not be that the latent heat is constant, but that 
the quantity of fuel required to generate the latent heat is much greater 
than that required to generate the sensible heat. . 
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for husbanding and economically applying the heat produced 
by the combustion of the fuel. The importance of economy 
in the application of fuel for the generation of steam, has 
given rise to various constructions of boilers, upon the details 
of which we cannot here enter, but recourse must be had to 
some of the numerous practical works on steam-engines and 
boilers. 

Water is, as we have seen, converted into and exists in the 
state of steam in virtue of its latent heat ; if then a sufficient 
quantity of heat be withdrawn, the steam assumes again the 
liquid form. If a close vessel be full of steam, and a jet of 
cold water be thrown in, the steam will be immediately 
converted into water. This operation is termed the conden- 
sation of steam, and from the facility with which it is per- 
formed maybe most conveniently employed to create a vacuum, 
the creation of which is the fundamental principle of the steam- 
engine. 

The various ways in which steam may be employed as a 
mechanical agent are exemplified in different constructions of 
steam-en^nes, which may be divided into two classes, con- 
dmsinff engines and non-condensing engines. Under the con- 
densing engines will have to be considered* 

(1) The atmospheric engine, in which the pressure of the 
atmosphere is made available by steam. 

(2) The single-acting engine, in which a partial vacuum 
being created by condensation on one side of the piston, the 
elastic force of steam is available on the other. 

(3) The double-acting engine, in which a partial vacuum 

• It has not been thought necessary to advert here to the suggestions of 
the Marquis of Worcester as to the power of steam to raise water by it^ 
pressure, or to the engine of Savery, in which the pressure and condensation 
of steam in a vessel were employed to raise water ; these being now matters 
only of historical curiosity, and will be found in most works on the steam- 
engine. See Tredgold On the Steam- Engine, 4to. 
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being created by condensation on both sides of the piston in 
succession, the elastic force of steam is available on the other. 

In these engines steam may be used of the same elasticity 
as atmospheric air or steam at the temperature of 212°; but in 
the last two kinds of engines it is convenient to use steam of a 
little greater elasticity than the atmosphere. 

These engines are also called low-pressure engines. And 
under the non-condensing engines comes 

(4) The high-presgure engine, in which titere is generally 
no condensation, but steam of high elastic power must be used. 

The Atmospheric Engine. 

185. A large vertical cylinder has a piston fitted air-tight 
in it, which is to be worked by the atmospheric pressure, 
rendered available by the application of steam. Now the 
piston is slightly overbalanced; that is, the piston-rod being 
attached to one end of a beam, which is poised on its centre, 
the other end is loaded with counterbalance weights a little 
heavier than the resistance to be overcome when the piston is 
moved from the bottom to the top of the cylinder; the resist- 
ance to be overcome being the weight of the piston and rod, 
the friction in the cylinder and the inertia of the mass to be 
put in motion. 

The piston being slightly overbalanced would rise to the 
top of the cylinder if it were not for the pressure of the atmo- 
sphere on its surface; if then there be supplied to the under 
side of the piston a pressure equal to the atmospheric pressure, 
the piston will be enabled to rise. This pressure is so supplied 
by the admission of steam of 21 2"!^. to the under surface of 
the piston. An equality of pressure being then produced, the 
counterpoising weight raises the piston to the top of the 
cylinder. 

The piston is now at the top of the cylinder, and the 
lower part of the cylinder is full of steam; if a jet of cold 
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water be thrown into the cylinder, the steam will instantly 
be condensed, a vacuum will be created, and the pressure 
being thus removed from the under side of the piston, the 
atmospheric pressure will force it down with a pressure equal 
to about 15 lbs. (Art, 125) on every square inch of its area. 

The water arising from the condensation escapes through 
a valve or pipe at the bottom of the cylinder just as the 
piston reaches the bottom. The piston being now at the 
bottom, steam is admitted again beneath it, and the operation 
repeated ; this is the method of procuring moving force by the 
atmospheric engine. 

The moving force generated during the descent of the 
piston raises the weight at the other end of the beam, and 
when the engine is employed for pumping water from mines, 
for which object it was invented, the rods of the pump- 
pistons connected with that extremity of the beam which is 
raised by the descent of the piston in the steam-cylinder, 
work the pumps on the return stroke or ascent of the piston. 

The annexed diagram represents the atmospheric steam- 
engine as constructed by Newcomen, who. was the first to 
employ a piston worked in a cylinder and connected to- a 
beam ; this diagram will also serve to illustrate the way in 
which the beam is employed, in stationary engines gene- 
rally, whether atmospheric, single, or double-acting. 

A is the piston-rod connected with the beam jEZ> ; B the 
boiler for generating and supplying steam to the cylinder 
O through a short steam-pipe b, which can be closed at the 
bottom by a slide plate p worked by the handle g so as to 
regulate as required the quantity of steam admitted into 
the piston; S the safety-valve for regulating the pressure 
of the steam in the boiler. The beam BD is balanced on 
and moveable about its centre 0, and furnished with an 
arched head DG, by which it is drawn down as the piston 
descends, and an arched head EFhx raising the pump-rod /, 
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and counterbalance weight "W ; another arched piece as ef 
may be employed for working a pump for the supply of 
condensing water to the cistern L by the pipe R. From the 
cistern L water is supplied by the pipe N for keeping the 
top of the piston P air and steam-tight, and by the pipe 
M for condensing the steam in the cylinder. K is the hot 
well into which the water passes by the pipe k, called the 
eduction pipe, which has a valve at its lower extremity 
for letting out the water from the steam-cylinder. F is a 
valve called a snifting valve for blowing out the air on 
the descent of the piston. 
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The diagram represents the piston at the top of the 
cylinder, where it has been brought by the weight of the 
pump-rod and counterbalance weight; the cylinder O having 
been filled with steam of atmospheric pressure, the further 
admission of steam from the boiler is cut off by closing the 
pipe h with the plate f moved by the handle q. The cock 
a in the pipe M is then opened and cold water injected into 
the cylinder from the reservoir L ; the steam in the cylinder 
is condensed, the piston descends drawing down the end DG 
of the beam, and raising the pump-rods and weight connected 
with the other end at E and e ; the water injected into the 
cylinder, and the condensed steam pass down the pipe & into 
the hot well K, and any air which had come into the cylinder 
with the injection-water or otherwise, is forced out through 
the snifting-valve V as the piston reaches the bottom of the 
cylinder. The piston having come to the bottom of the 
cylinder, the steam is let into the cylinder from the boiler to 
balance the atmospheric pressure above the piston, and the 
Weights attached at E and e raise the piston and work the 
pumps. These operations, thus continued, constitute the 
working of the atmospheric engine. The opening and 
shutting of the steam-pipe I and cock a was at first done 
by hand, but a boy left in charge of them soon found the 
means of connecting them by strings with the moving 
parts, in order that he might indulge himself in play; and 
thus the first step was taken towards making the machine 
self-acting. 

The piston and pump-rods are shewn connected with the 
ends of the beam by chains, which answer perfectly well in 
the atmospheric engine when the only action on the beam 
is downwards, but in the single and double-acting engines, 
rigid rods and parallel motions to preserve the vertical mo- 
tion of the parts, notwithstanding the beam's motion about 
a centre, must be resorted to. 
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186. Imperfections of the Atmospheric Engine. When 
the steam has filled the cylinder, so as to balance the atmo- 
spheric pressure, and allow the piston to be drawn up by 
the counterpoise at the other end of the beam, the cylinder 
will have the same temperature as the steam; that is, will 
not be less than 212". Now when the jet of cold water enters, 
the steam becomes hot water at the bottom of the cylinder. 
But this water, not being under the atmospheric pressure, 
boils at a very low temperature, and consequently itself 
produces a vapour which would impede the descent of the 
piston. Add to which, the heat of the cylinder being 212", 
assists this generation of vapour below the piston ; and in 
order that a sufficient vacuum may be produced, a quantity of 
water must be thrown in sufficient to cool the cylinder and steam 
to less than 100" F. And before the piston can rise again, 
the cylinder must be raised to 212", and while this is taking 
place, the steam is parting with its caloric in effecting it, and 
is reduced to water. So that at every descent of the piston 
the cylinder is cooled down to below 100", and every ascent 
has to be raised to 212". It is a question therefore whether 
the power gained by the increased perfection of the vacuum 
compensates for the increased consumption of fuel ; and it is 
found, on the whole, more economical not to cool the cylinder 
to so low a temperature, but to work with a more imperfect 
vacuum, and consequently with a diminished power. The 
atmospheric engine is involved in this dilemma, either much or 
little water must be injected into the cylinder ; if much, the 
vacuum is more perfect, and consequently the power obtained 
greater; but then the waste of steam, and consequently of fuel, 
is enormous; if little, the vacuum being imperfect, the power 
obtained is much smaller ; but then the waste of steam and 
fuel is smaller also. One great problem therefore which pre- 
sented itself to Watt was to create a vacuum without cooling 
the cylinder, and this he effected by his single-acting engine. 



ON 8TEAM AND ITS APPLICATIONS. 2J5 

The Single-acting Engine. 

187. We may arrange the different parts of this engine 
as three steps, suggested by difficulties which presented them- 
selves. The first step was in the idea of producing a vacuum 
without cooling the cylinder. This led to condensation in a 
separate vessel. When the piston is at the top of the cylinder, 
a communication is opened into a vessel immersed in cold 
water, and in which there is a constant vacuum. This com- 
munication being opened, the steam rushes into the vacuum ; 
and being instantly condensed, a vacuum is created in the 
cylinder beneath the piston, vrithout lowering the temperature 
of the cylinder. 

Thus the action goes on^ without any waste of steam from 
the cooling of the cylinder. 

But the condenser will soon become full of water from the 
condensed steam, and the vapour rising from the hot water 
would fill the condenser and render the vacuum very imperfect. 
The condenser must therefore be kept empty, and this led to 
the second step. 

Watt made the condenser communicate with a pump, called 
the Air-Pump, which is attached to the beam (Art. 185), and 
makes a stroke every ascent and descent of the piston or beam, 
and draws off the water or vapour collected in the condenser. 

But the cylinder being open, the cold air coming in contact 
with its interior during the descent of the piston, reduces its 
temperature considerably. There was still therefore some 
waste of steam. This led to the third step, the closing of the 
cylinder, and making the piston-rod work through an air-tight 
stuffing-box ; and the piston, mstead of being pressed down by 
the atmosphere, was pressed down by the elastic force of steam 
of the same pressure as the atmosphere; that is, by steam of 
about 212". 
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By this last step all the principal causes of waste were 
removed; the external air was entirely excluded from the 
cylinder, and the piston was pressed down by the elastic force 
of steam, a vacuum having been created below it by conden- 
sation in a separate vessel. The external surface of the cylinder, 
being in contact with the external air, was liable to affect the 
temperature of the steam ; and to exclude as much as possible 
waste from this source, the inner cylinder was surrounded by 
another, termed its jacket, and the intermediate space kept 
full of steam. 

Another important alteration was made in the quantity of 
steam used; the piston moved -with, an accelerated motion, 
owing to the action of the steam continuing throughout the 
whole motion of the piston. To prevent this, and render the 
motion as uniform as possible, the steam is cut off; that is, its 
entrance is stopped on the piston having performed part of the 
stroke, and the remainder of the stroke is effected by the ex- 
pansive power of the steam already admitted into the cylinder. 
Thus, during the last portion of the descent or ascent, the 
piston is urged by a force gradually decreasing, since the 
elastic force is inversely as the space occupied (Art. 89) ; and 
such an arrangement is found in practice to insure a uniform 
motion. Thus, some steam, and consequently some portion 
of the fuel and of the expense of working this engine, are 
saved, and a better motion, becanse a more uniform one, is 
obtained. 

Besides the air-pump, there are two others; namely, a hot-? 
water pump and a cold-water pump also worked from the 
beam as it vibrates. The water pumped from the condenser 
is discharged into the hot well, from which the boiler is kept 
supplied by the hot-water pump. The cistern in which the 
condenser is immersed woul4 become hot, and water must 
therefore be supplied to it by the cold-water pump. 
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The annexed diagram shews the peculiar arrangement 
adapted for effecting the above 
purposes. A is the cylinder : 
B the piston : CO the stuffing- 
box filled with hemp moisten- 
e4 with tallowj having its cap 
screwed firmly down by two 
screws so as to form a steam- 
tight joint round the piston- 
rod. The piston-rod being 
turned true and polished is ca- 
pable of moving up and down 
through the steam-tight joint. 
Z) is the steam-pipe leading- 
from the boiler : iTthe eduction- 
pipe leading to the condenser : 
ff and I are two valves upon 
the rod L which passes through 
stuffing-boxes or steam-tight joints at m and n. By raising 
and lowering the rod L, the valves If and / open or close 
their respective apertures in D and K. By means of a valve 
ff, a communication between the top and bottom of the cylinder 
through the pipe PH, at P and o, may be made ; the spindle 
of the valve ff is hollow, and works in a steam-tight collar at 
m, and has the rod Z passing through it, likewise steam-tight, 
in such a manner that the rod L with its valves may be 
moved independently of the valve ff, or the valve ff independ- 
ently of the rod £. If the valves are placed as represented, 
/ and H open and ff shut, and the steam be permitted to come 
from the boiler through D, it will pass through IT and enter 
the top of the cylinder at P, depressing the piston B by its 
elastic force, whilst the lower part of the cylinder is open 
through and K to the condenser. When the piston i^ 
w. p. H. 10 
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depressed to B' the rod L must be moved downwards, and 
the valves H and / closed and the valve g opened, that the 
steam by its elastic force may pass through PE and the 
valve g, and act equally upon the lower as well as the upper 
surface of the piston : the piston theTefore being in a state of 
equilibrium, as regards the pressure Of the Steam, will again 
be raised to its original situation by the counterpoise weight 
acting at the other end of the beam, and the steam will pass 
from above to below the piston. - When it has arrived at that 
place, the valves may be again pui; in the first position, as 
represented in the drawing, "when that a;t / being opein, af- 
fords a communication through oK toi the steam which 
now occupies the cylinder below the piston to pass to the 
condenser, whilst fresh steam from D presses upon the upper 
surface of the piston with a .pressure equal to that of the 
atmosphere. 

The single-acting engine is used principally for pumping ; 
and one of the most interesting applications of it is in the 
Cornish mines, where, from certain peculiarities in the mode 
of working, the single-acting engine so applied is designated 
the Cornish Engine, to which we shall return hereafter. 

The Double-acting Engine. 

188. Both in the atmospheric and in the single-acting 
engine the steam is employed to produce motion only during 
the descent of the piston, and the weights or counterpoises 
which lifted the piston in its ascent act against the power 
in its descent. This action of the steam in one direction 
only and the corresponding intermission of the power is- 
of no consequence when the engine is employed directly 
for pumping, which was the purpose for which the steam- 
engine was invented. But if machinery is to be driven, 



ON STEAM AND ITS APPMCATIONS. 219 

a constant and uniform action is required ; an unequal or an 
intermitted action being injurious to delicate machinery, and 
very inconvenient. 

The idea occurred to Watt of making the steam press 
the piston up as well as down. This was readily accom- 
plished by opening alternate communications, by valves, 
between each end of the cylinder and the boiler and con- 
denser. Here as there is no loss of power from counterpoises, 
an equal vacuum being produced successively on each side of 
the piston, an equal moving power is obtained both on the 
ascent and descent of the piston. The steam may be cut off 
as before, after the piston has traversed a portion of the 
cylinder, and the motion communicated to the machinery 
rendered constant and uniform. 

The nature of the arrangements of valves and steam 
passages which will be neocessary to effect proper communi- 
cations for the admission of the steam to the upper and 
under side of the piston, and for its contemporaneous escape 
into the condenser from the under and upper side of the 
piston, will be understood from the diagram in the last 
article. Upon the construction, arrangement, and manner of 
working these valves, great mechanical skill has been ex- 
pended ; for an account of which recourse must be had to 
works on the steam-engine. 

The engine usually employed in steam-boats, or, as it is 
commonly called, the marine engine, is a double-acting engine 
differing only from the engines as employed in land or sta- 
tionary engines, in the the arrangements for converting 
and applying the motion of the pistons to the required 
purposes. 

The steam used in the single and double-acting engines 
is that produced from water under a pressure a little greater 
than the atmospheric pressure. Hence the power obtained 

10--2 
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does not result entirely from the vacuum which is pro- 
duced on the opposite side at which the steam is admitted, 
hut in a small degree also from the elastic force of the 
steam heing greater than the elastic force or pressure of the 
atmosphere. 

The High-pressure Engine. 

189. In the engines already described, the power de- 
pends principally upon the vacuum obtained by means of 
the condensing apparatus. But the condensing apparatus 
requires the working of two pumps, namely, the air-pump 
and the cold-water pump exclusively for itself; and the 
apparatus for this purpose is an expensive incumbrance 
to an engine, rendered however in many cases very econo- 
mical by the cost of fuel for the generation of steam. 

If this apparatus be dispensed with, the engine will 
have its full moving force, excepting only the small force 
requisite to work the hot- water pump for supplying the 
boilers, capable of being applied to machinery. 

We have seen that water under pressure may be heated 
to very high degrees of temperature, and the steam pro- 
duced from such water possesses an enormous elastic force. 
Now if the condensing apparatus be not used, but the 
steam be simply allowed to escape into the atmosphere at 
the end of the stroke, the piston will always be resisted by 
a force equal to the atmospheric pressure, and the only 
part of the elastic force of the steam which will be available 
as a moving power, is the excess of its elastic force above 
the elastic force or pressure of the atmosphere. Hence, 
if steam of much greater elastic force than the atmosphere 
be used, the condensing apparatus may be dispensed with. 
Those engines which work with highly elastic steam, and 
without the condensing apparatus, are termed high-pressure 
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fengines. The safety valves of their boiler's are loaded with 
from 60 to 80 lbs. on the square inch. 

Loeomotvee Engine. The locomotive engine on railways 
is one of the commonest illustrations of the high-pressure 
engine without any condensing apparatus. Steam of high 
elastic power, about 80 lbs. pressure on the square inch, is 
employed to propel the pistons, the rods of which by their 
action on the crank of the axle to which the wheels are 
fastened, causes the wheels to roll along the rails, provided 
the adhesion between the surfaces be sufficient. 

Rotatory Engines, The class of engines called rotatory, 
because the whole steam is applied directly to drive round 
a wheel, or to produce circular motion, instead of on a 
piston in a cylinder, to produce rectilinear motion which 
has afterwards to be converted into a rotatory motion, 
furnishes another instance of high-pressure engines; steam 
of much greater elastic force than 14 lbs. to the square inch 
being usually employed in these engines. In some cases, 
however, atmospheric steam and a condensing apparatus have 
been employed in rotatory engines. 

Reaction Engines. High-pressure steam issuing from the 
orifice of pipes fixed as arms radiating from a centre about 
which they can revolve, and bent or curved at their ex- 
tremities, so as to cause the arms to move round by the 
reaction of the issuing steam at the orifices where the steam 
is dissipated into the air, is an instance of a use of highly 
elastic steam under circumstances in which no condensing 
apparatus could be of any avail. 

The distinction between high and low-pressure engines 
must be regarded rather as speculative than as practical, 
since the steam actually employed has in most cases an 
elastic force far exceeding the atmospheric pressure; but 
the distinction between condensing and non-condensing 
engines is sound and practical, and the adoption of one or 
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the other rests on commercial considerations, entirely apart 
from any prejudice against or in favour of high-pressure steam. 

The Cornuh Engine. 

J 90. The Cornish engine presents an instance of the 
application of steam so different from any oi those already 
.described, that it may almost be said to differ in kind from 
other steam-engines. 

The power of highly elastic steam to generate momen- 
tum is well illustrated by the steam^gun (Art. 191), the 
invention of Mr Perkins, who applied highly elastic steam 
to impel bullets along a barrel and project them against an 
iron target at the distance of 30 or 40 yards. The momen- 
tum generated in the bullets by the continuous action of 
the steam during their passage through the barrel is so great, 
that they reach the target with sufficient velocity to be 
jBattened by their impact on the target. 

In the case of the bullet a great velocity is generated 
in a small mass ; in the case of the Cornish engine a small 
velocity is generated in a large mass ; the result to be regarded 
is the same in both cases, namely, momentum generated by 
the elastic force of high-pressure steam. 

According to the system of pumping as practised in 
the Cornish mines, the object is to raise a great mass of 
pump-rods weighing several hundred tons, which weight 
on descending works the pumps. This enormous weight 
is suspended at one end of the beam of a single-acting en- 
gine, and is to be raised by the action of the steam on the 
piston. The cylinders and pistons are of great diameter, 
in some cases nearly 7 feet, and the length of the stroke 
from 10 to 11 feet *. Steam of from 60 to 90 lbs. pressure on 
the square inch is employed, and being let suddenly on 

" The diameter of the Huel Towan and Fowey Consols engine is 
80 inches, and length of stroke 120 and 124 inches respectively. 
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to the upper side of the piston, starts or puts in motion the 
enormous weight at the opposite end of the beam ; the 
piston haying begun to movie, the steam continues to be 
admitted until the piston has travelled from about one-fifth 
to one-third the length of the cylinder, when it is altogether 
cut off; and the remainder of the stroke is performed by 
the elastic, force of the expanded steam in the cylinder and 
the momentum generated on the first starting of the piston. 
When the piston has arrived near the completion of its 
stroke^ a communication is made between the upper and 
under side of the piston by opening what is called the equ/i^ 
librium valve *j the steam then pressing equally on both 
sides of the piston, the motion of the piston is speedily 
arrested, the down stroke is terminated, and the piston is 
for an instant stationary, that is to say, until the return 
stroke commences. The. return stroke is effected by the 
weight of the pump-rods alone, the Oomish engine in this 
respect resembling the atmospheric and single-acting en- 
gine; the piston ascends not in all cases uniformly, but by 
a motion ada>pting itself to the descent of the pump-rods; 
the equilibrium valve or communication between the two 
sides of the piston remains open until shortly before the 
piston reaches the top of the cylinder, when that valve is 
closed, and all exit for the steam being cut off, it becomes 
compressed between the piston and cylinder-cover, and 
when the elasticity of the steam so compressed attains a 
pressure equal to the weight upon the other end of the 
beam, the ascent of the piston or up stroke terminates. At 
this instant the steam is let out from the boiler to the upper 
side of the piston, and the down stroke is made as already 
described. 

On the equilibrium valve closing before the termination 
of the up stroke, a communication is opened between the 
* This is a valve similaT to g described in Art. 187. 
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bottom of the cylinder and the condenser, so as to make the 
vacuum as complete as possible on the under side of the piston 
during the down stroke, and until the equilibrium valve is 
opened to eflfect the communication between the upper and 
under side of the piston, as already described. 

The pumping is performed wholly by the weight of the 
pump-rods, and these are generally much heavier than the 
column of water to be raised ; and counterpoises are affixed 
to balance and sustain some part of their weight. It will 
be seen, from the above description of the working of the 
Cornish engine, that it differs from all the steam-engines 
already described : the steam is of a very high pressure, and 
it is employed in a different manner, the object being first to 
start the enormous mass of pump-rods, the weight and friction 
of which it is very difficult to estimate ; and, having put this 
enormous mass in motion, to deal with it in such a manner 
that it may be available for pumping on the return stroke. 

The difference between the two modes of applying steam, 
and the application of highly elastic and atmospheric steam, is 
so great, that theoretical calculations of the duty of the Cornish 
engine made on the same principles as the calculations of the 
duty of the atmospheric engine proved fallacious *. 

190 a. Duty of Steam-engines. The term duti/, as 
introduced by Watt, may be defined to be the weight of 
water raised one foot high by a given quantity, as, a bushel 
of coals. When Watt applied his improved engine to the 
mines, he was to be paid a certain share of the saving in 
coals as the rent of his engine; hence the saving in coals 
over other engines formed a very convenient commercial cri- 
terion of the merit of the engine as between its maker and 

* The student is refeireil foi furthei information on the Cornish Engine 
to the papers by Mr Enys, Mr Henwood, Mr Parkes, and Mr Wicksteed,, 
in the Second and Third Volumes of the Transactions of the Institution 
of Civil Engineers, 4to. 
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employer. Thus the work dosn^ hy a bushel of coal (94 lbs.) 
became a, measure of the duty 4one by a pumping engine; 
and engineers have been so accustopied to the standard, that 
it has been generally resorted to,, althoiigh the quantity of 
steam used, or water as steam*, is obviously the only proper 
standard of comparisori, inasmuch as the steiWit generated 
by the bushel of coal njay be employed with very different 
e:Sieiency in different classes gf engines. The comparison 
between engines of the same class and ha-ving similar pro-, 
portions of parts and boilers^ and using the same k,ind of fuel, 
and worked under similar circumstances, may be well made 
by the quantity of fuel eiaployed j birt, where these elements 
are difi^reiit, the^ usu.^1 staoida^d of comp^risop. is necessarily 
uncertain. 

The duty being the jmmbe;? of pounds of water raised 
one foot high by ^ bushel of coajs, will obviously be affected 
not only by the economy with which the steam is generated 
and applied, but by causes wholly unconnected with the 
engine, as the reduction of pit-work friction, that is, the 
friction of the pump and pump-rods and balance-vyeights, 
and the greater depths of the shafts, and the improved work- 
manship of all the parts of the machinery; so that the amount 
of duty has been gradually progressive frwi the time pf Watt 
to the present timet, 

* See paper by Mr Faroes, Transoftions of Civil Engineers, Vol. iii. 
4to. pp. 3 and 69. 

t A|i Mnjs gives the foUowing interesting fa«ts as shewing the prov 
gress of duty. In 1778 Newcomen's mpst imprgyed engine raissd 
7,483,163 lbs. one foot high with 94 lbs. of coal, the evaporation of water 
being from fi to 7 cubic feet for the same quantity of fuel ; average duty 
of other en^n^s under §,QOO,000 ; m 1798 Watt's low -pressure engine, 
average of four best engines, 28,847,173 i of 23 engines 17,770,000, evapora- 
tion of water from 9 to 10 cubic feet ; in 1838 from 70 to 80 millions, 
evaporation from 10 to 14 cubic feet, the steam being expanded from 
2 to 6 times its volume at full pressure. See Trans. Civ. Eng. 4to. Vol. iii, 
p. 449. The duty hag in some instances ranged from 90 to 12S millions, 
lUd. Vol. II. p. 67. 

10—5 
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The performance of other engines than pumping-engines 
is commonly referred to the weight in pounds raised one 
foot during a minute of time ; that sum being divided by 
33,000 gives the expression of efifect in terms of horse-power, 
and by this means various descriptions of engines are brought 
to a common standard of comparison*. 

The term dutif is also applicable to locomotive engines. 
The work done being a load drawn whose resistance may 
be taken at a certain number of pounds per ton, the duty 
done is the same, whether the engine be employed in 
drawing a load of a resistance measured by weight, or in 
raising the same weight; hence, the resistance being ascer- 
tained, or assumed in pounds, for a given velocity, the duty 
will be found by multiplying that resistance by the whole 
distance travelled over, and dividing the result by the 
number -of pounds of fuel or water consumed, supposing the 
weight of water or steam to be adopted as the standard. 

191. Other applications. It will be impossible, within 
the limits of the present treatise, to point out all the various 
modes in which steam is applied, but the following may be 
mentioned in illustration of its properties. 

Steam-Gun. The elastic force of steam at very high 
temperatures is such, that Mr Perkins has attempted to 
apply it to the purposes to which gunpowder is applied. 
Small bullets are admitted down a tube into the breech of 
a gun-barrel, and a small quantity of highly clastic steam 
enters and drives them out. 

A great number of small bullets may be thrown in 
rapid succession and fattened against an iron target at the 
distance of 30 yards ; but larger masses, as cannon-balls, do 
not acquire sufficient velocity for military operations. 

* The horse-powei is taken at 33,000 lbs. raised one foot bigli in a 
minute. 
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NasmytKs Steam-hammer. One of the most ingenious 
and instructive applications of highly elastic steam, is that 
exhibited in the steam-hammer of Mr James Nasmyth. 
The mode of driving tilt-hammers for forging large masses 
of iron is well known; these hammers are subject to many 
objections, among which, the want of parallelism between 
the anvil and the face of the hammer is the most serious. 
By Mr Nasmyth's direct action steam-hammer, the hammer 
is raised vertically and falls vertically, so that the face of 
the hammer and anvil will always be parallel to each other, 
and the mass of metal will be struck directly and between 
two parallel faces. The hammer is connected with a piston 
moving in a cylinder, and highly elastic steam is admitted 
to the under side of the piston ; the piston and its attached 
hammer are thereby raised to the required height or the 
extent of the stroke, and the steam being allowed to escape 
into the air, the hammer falls with a momentum due to its 
weight and the height from which it descends ; the resistance 
from the friction of the piston being extremely small. The 
&cility with which this hammer can be adapted to varying 
circumstances is remarkable ; a great number of small taps 
with almost incredibly rapid succession may be given by 
letting the steam on and raising the piston a part of the 
stroke; if the force of the blow is required to be broken, 
the steam is let on just before the fall is completCj by which 
means a cushion of steam is presented, and by which the fall 
may be modified to any extent; if it be desirable to add to 
the force of the fall, the steam may be let on to the upper 
side of the piston, and impel the piston by its elastic force 
during the descent; or a steam or air-cushion may be em- 
ployed to produce a recoil by the compression received during 
a portion of the ascent of the piston*. 

" The controul under which a hammer weighing many tons may 
be kept is incredible ; it seems to move like a cork. The author has seen 
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Namnyth's Pile-drimng Machine. The Bteam-hammer 
action as above explained, has also been applied by its in- 
genious author to driving piles by raising up and letting 
fall the hammer or monkey without the intervention of any 
rotative motion*. 

191 a. In the preceding articles, we have endeavoured to 
give a general idea of the way in which the elastic fluid pro- 
duced by heat from water may be employed as a moving 
power. The general principles are the generation of the steam, 
its application, and its reconversion to the liquid state. Its 
generation consists simply in exposing water to heat: its 
applications are various ; in the atmospheric engine it is used 
as a means of creating a vacuum, so that the weight of the 
atmosphere may be available ; in the single- and double-acting 
engines it is used to create a vacuum so that its own elastic 
force may be available: in the non-condensing engines no 
vacuum is created, but the elastic force of the steam is itself 
sufficient as a moving power. It would be impossible to insert 
here any account of the practical construction of the steam- 
engine — of the various kinds of boilers devised to generate the 
greatest quantity of steam with the least consumption of fuel, 
and at the least expense of wear — of the uses of the beam— of 
the fly-wheel for storing up power and regulating the motion 
of the machinery to be driven — 'of the various valves designed 
to be worked by the smallest expenditure of power. The 
principles of the application of steam are the same, whatever 
mechanical arrangements may be adopted. 

a person holding a nut in the fingers of one hand, and the handle of the 
steam-valve in the other, and cracking the nut by the descent of the 
hammer. 

• These ingenious applications of steam are the subject of letters 
patent, granted December 9, 1842, and July 22, 1843, to their author, 
Mr James Nasmyth, of Patricroft near Manchester. For a more de- 
ailed account of these inventions, see Holtzappfel'g Tiirning and 
Mechanical Manipulation, Vol. ii. pp. 9S9 and 961. 
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The steam-engine as it at present exists owes its peifec- 
tion to the genius of "Watt ; and the successive improvements, 
suggested by difficulties which presented themselves, form 
a most interesting and instructive history. 

There is one part of the engine which has not yet been 
mentioned, but which is most essential in the application of 
steam as a motive power; it is called the Governor. Uni- 
formity of motion is the most important point to be attained 
in all machinery, and the speed with which the piston works 
depends in a great measure on the quantity of steam which 
is supplied to the piston in the cylinder. If then the engine 
goes too fast this quantity must be diminished, and if too 
slow it must be increased ; and 'the engine is made by means 
of the governor to regulate this supply of itself, so that when 
the engine has once started it will continue to go at the 
same rate. 



CHAPTER XIV. 

ON EVAPORATION. 



192. We have seen in the last chapter that vapour is 
rapidly formed at the surfaces of fluids during ebullition ; but 
vapour is also formed at the surfaces of fluids at nearly all 
temperatures, and without the appearances of ebullition. This 
imperceptible formation of vapour at low temperatures is 
termed evaporation. 

The consideration of the chief circumstances which influ- 
ence the process of evaporation, may lead to a true theory 
respecting it. 

(1) Evaporation is entirely confined to the surface of 
fluids, and is therefore proportional to the extent of surface. 
Thus if the same quantity of water be spread at a shallow 
depth over a large extent of surface, it will evaporate much 
faster than if it be placed in a narrow deep vessel. 

If the surface of water be covered with oil, the evapo- 
ration is stopped altogether. 

(2) The rate of evaporation depends on the temperature. 
If equal quantities of water be placed in two equal vessels, 
one of which is placed in a warm, and the other in a cold 
situation, the former will be quite evaporated before the other 
is apparently diminished at all. 

(3) "When the air is dry, the evaporation is rapid even 
at low temperatures; but if the atmosphere contain much 
vapour, the evaporation is extremely slow, and will be en- 
tirely suspended when a certain quantity of vapour has accu- 
mulated over the surface of the water. 
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(4) The evaporation is hr less in still air than in a 
current, which is owing to the vapour accumulating above 
the surface (3) ; but when there is a current the vapour is 
conveyed away nearly as fast as it is formed. 

(5) Evaporation is most rapid in 'cacito: the pressure 
of the air on the surface of a fluid positively retards the 
evaporation, as is shewn at once by placing ether under 
an air-pump, when, on exhausting the air, vapour rises so 
rapidly as to produce ebullition. 

(6) Since a large quantity of heat passes from a sen- 
sible to an insensible state during the formation of vapour 
(Art. 179), it follows that cold must be produced by evapora- 
tion. 

This is beautifully exemplified by Leslie's mode of pro- 
ducing ice by evaporation. 

A small vessel of water is placed under the receiver of 
an air-pump, and the air being exhausted the evaporation 
proceeds rapidly, but the vapour collecting above the surface 
of the water, will put a stop to the evaporation unless it 
be removed. 

If a small vessel of sulphuric acid be put under the 
receiver with the water, the vapour will be absorbed as soon 
as formed, and the cold thus produced by the .evaporation will 
freeze the water in the middle of summer. . 

Liquids which evaporate more rapidly than water cause 
a still farther reduction of temperature ; and the evaporation 
of ether under the vacuum of an air-pump has produced cold 
intense enough to freeze mercury. 

193. Prop. The actual qimntity of vapour wkich car^ 
exist in any given space depends solely on the temperature. 

From the experiments of Dalton, it appears that if a 
little water be put into a dry glass flask, and a thermometer 
be placed in it, when the thermometer stands at 30", the 
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quantity of vapour formed -will be very small. If the 
thermometer stand at 40", more vapour will exist ia it; if 
at 60", still more, and so on. If when the thermometer ia at 
60", the temperature of the flask be suddenly reduced to 40®, 
a portion of the vapour will instantly be reconverted into 
water, and the quantity which remains in the flask will be 
precisely the same as when the temperature Avas originally at 
40". And the elastic force of the vapour is always the same 
at the same temperature. 

But the important point in these experiments is, that the 
result is precisely the same whether the flask be full of air 
or perfectly empty. The only difference is in the rate of 
evaporation (Art. 192, 5), for the flask, if previously empty, 
becomes full of vapour almost immediately, whereas the 
existence of the air presents a mechanicaJ impediment to the 
diffusion of the particles of the vapour throughout the flask, 
since these particles coming in contact with the particles of the 
air, experience an obstruction precisely similar to that which 
a stream of water experiences in descending among pebbles. 

It follows therefore that the existence of the air has 
nothing to do with the quantity of vapour which exists in 
any space, but that this quantity depends solely on the 
temperature. 

194. Pbop. »7%e qitantky of water evaporated at any 
temperature is proportional to the elastic force of the vapour 
due to that temperature. 

It appears (Art. I93), that the quantity of vapour formed 
insensibly by the process termed evaporation depends simply 
on the temperature ; hence under similar circumstances the 
quantity of vapour formed is proportional to the tempera- 
ture. 

Now the elastic force of vapour depends also on the 
temperature; hence the quantity evaporated at any tem- 
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pei'ature ought to lie proportional- to the elastic force of thd 
vapour at that temperature ; and this is found to be the 
case, supposing no vapour to exist in the air*. 

The table of the elastic force of vapour as calculated by 
Dalton, from the temperatures - 40"!?'. to Zl^^F., at the end 
of the volume, shews that the elastic force increases at a 
greater rate than the temperature. 

195. Prop. When the evaporatinff force is ffreater than 
the elastic force of the vapour existing in the atmosphere, 
the evaporation will proceed, amd, when equal, it will be 



The obstruction which evaporation experiences, and 
which sometimes causes it to be suspended altogether, can- 
not proceed from the weight or pressure of the atmosphere, 
for in that case there could be no evaporation at tempe- 
ratures below 2]2<'jF'. ; but it must proceed from the vis 
inertia of the particles of air which the particles of the 
vapour encounter J for we have seen (Art. 193)} that the 
ultimate quantity of vapour formed, is the same in a flask, 
whether it be full or empty of air. The air then having 
nothing to do with the quantity of vapour formed, cannot 
be the cause which suspends its formation, but the cause 
must be sought for in the elastic force of the vapour already 
formed, and which is collected, above the evaporating 
surface. 

If this be the true cause, it follows, that when the 
evaporating force is greater than the elastic force of the 
vapour already existing, the evaporation will proceed, and 
when an equilibrium subsists between these two forces, it 
will be suspended. 

Now the .evaporating force in vacuo is equal to the 
elastic force of the vapour due to the temperature of ±h« 

• Dalton, Manohester Memoirs, Vol. v. 



234 ON EVAPORATION. 

evaporating surface, for tlie space becomes instan<tl}r full of 
vapour of this elastic force, and then no more vapour is 
formed, or the evaporating force is in equilibrium with the 
elastic force of the vapour. 

But in the atmosphere, where the ra/te of evaporation is 
impeded by the inertia of the particles, the aqueous vapour 
which exists will often be of less elastic force than what is 
due to the temperature of the evaporating surface, and then 
evaporation will proceed at different rates, according to the 
temperature of that surface, and the difference between the 
elastic force of vapour at that temperature and the elastic 
force of the vapour already existing in the atmosphere. 

Thus it appears, that the air can never be absolutely 
free from vapoujr; for ice and snow evaporate at exceed- 
ingly low temperatures, and the less vapour there is existing 
in the atmosphere, the greater tendency is there to the 
formation of more. 

But it must be observed, that these remarks tacitly 
assume the truth of Dalton's hypothesis respecting the action 
of the particles of elastic fluids (Art. 94); that hypothesis 
must stand or fall according as it does or does not serve to 
explam the phenomena which occur; and in the present in- 
stance it is needless to insist on the explanation which the 
preceding statements afford of the various known pheno- 
mena of evaporation (Art. 192). 

196. Prop. To determine the quantittf of vapour which 
may he raised at any time hy evaporation. 

Let V be the quantity of dry air, and p its elastic force ; 
and let V be the quantity when saturated with vapour, 
whose elastic force is/. 

Now the elastic force of air varies inversely as the space 
it occupies. Hence the elastic force of the dry air in the 
mixture 
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.. i_ . i . 
'• P '•• y/'-yl 

Vp 
.: its elastic force = -^ ; 

and the elastic force of any mixture is the sum of the elastic 
forces of the component fluids (Art. 95) ; 

••P- yr +/. .. r - , 

whence the quantity of dry air in a given mixture V is 
known. 

Also, F' = -^^, and V- F=-S-. 
p-f p-f 

But V'~ F'is the quantity of vapour which can hecome 
diffused through a given volume V of dry air. 

Generally, let x he the quantity of vapour which can 
exist in a given unit of bulk, then making V =\, we have, 

P~f 

By means of these formulas and the tables furnished by 
Dalton, we can ascertain the actual quantity of vapour which 
may exist in the atmosphere at any given temperature, and 
also the quantity of vapour which may rise before the 
saturation is complete. 

Suppose the temperature to be 60"; the elastic force of 
vapour at this temperature = "52. 

The quantity of vapour therefore which may exist, is 

■52 -52 

'""SO --52 "29-48 

=-^th of any given volume of atmospheric air. 

But suppose that the elastic force of vapour already ex- 
isting in the atmosphere is '26. 
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Then the amount of the evaporating force which ■will be 
effective in raising more vaponr, may be considered as 

. =-52 --26 =-26, 
-which equals the elastic force of vapour at temperature 40". 
So that although the temperature is 60", yet in consequence 
of the vapour already existing, no more will evaporate from 
a given surface than would evaporate at 40*, if the atmo- 
sphere at that temperature were perfectly dry. Here, 
•26 26 1 



x = 



30 --26 2974 114' 



or T-r^ th of any given yolume is the quantity of vapour 
which can be raised. 

197. Hygrometen. The quantity of vapour present in 
-the atmosphere is very variable, and instruments, called 
hygrometers, have been invented for determining the quan- 
tity of vapour which exists at any time. 

One kind of hygrometer is founded on the variation in 
volume and weight which some substances experience, accord- 
ing to the relative state of dryness or moistness of the at'^ 
mosphere. Thus human hair elongates on imbibing moisture, 
and contracts again when dried ; and a piece of glass weighs 
sensibly more from exposure to a moist atmosphere. 

The hygrometer used by Dalton is a piece of whipcord 
about 6 yards long, fastened at one end and stretched over 
a pulley by a small weight : substances of this kind, in con- 
sequence of the twisting of their fibres, are shortened on 
imbibing moisture. 

The rate of evaporation depends on the quantity of 
vapour in. the atmosphere (Art. I96), and evaporation is 
always accompanied by the loss of sensible heat (Art. 179) > 
'hence, if the bulb of a thermometer be covered with a 
small piece of linen and moistened with water, the rate of 
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eyapoiation, as indicated by the fall of the thermometer, will 
shew the state of the atmosphere with respect to saturation. 
Snch is Leslie's hygrometer. 

Thirdly, when the air is saturated with vapour, if a body 
whose temperature is the least degree less be brought into 
it, dew is immediately formed on its surface by the condensed 
vapour. The degree indicated by the thermometer when dew 
begins to be deposited, is called the dew point. If the air 
is dry, the temperature of the body must be many degrees 
lower than the temperature of the atmosphere before dew 
will be deposited. Hence the difference between the tempera- 
ture of the atmosphere and the dew point, indicates the state 
of the atmosphere as to saturation with vapour. 

These are the principles on which hygrometers have 
generally been constructed. 

198. Clouds. The process of condensation, by which 
the aqueous vapour, which is always suspended in the atmo- 
sphere, returns to the state of water, is directly the reverse 
of evaporation, and the vapour so suspended, and in the 
process of being condensed, presents those appearances which 
are called clouds. 

We have seen (Art. 193) that the maintenance of the 
vapour in the atmosphere depends entirely on temperature ; 
when then from any cause the temperature becomes lower 
than the temperature corresponding to the elastic force of 
the vapour so sustained, the vapour can no longer remain 
in the same state, but becomes partially condensed, and 
presents the same appearances as steam presents on first 
issuing' into the cold air ; thus partial condensation of 
aqueous vapour will be generally caused by an intermixture 
of two currents of air of a different temperature. 

The suspension of clouds is an extremely difficult sub- 
ject, and none of the various theories on this subject 
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seem yet to have met with a general reception ; the different 
fonns ■which they assume have been divided into seven 
modifications*. 

Rain. 
199. Prop. Bain is the result of masses of air of unequal 
temperatures, and containing different quantities of aqueous 
vapour, being mingled together. 

This theory of rain having been advanced by Hutton, 
is very generally received ; and the following argument may 
be adduced in its favour. 

A volume of air of a given temperature can be charged 
only with a limited portion of aqueous vapour (Art. 193), 
and when the temperature of this air is diminished, it be- 
comes capable of retaining less vapour, so that if it were 
not saturated before, it approaches rapidly to its point of 
saturation, and its temperature sinking lower than the tem- 
perature which corresponds to the quantity of vapour it 
contains, it must part with some of this vapour; but if the 
temperature of this portion of air should become raised by 
any means, it will be enabled to receive more vapour instead 
of being inclined to part vnth any. 

Now when two volumes of air of unequal temperature 
mix together, since one will receive the heat which the 
other loses, so that the resulting temperature will be the 
mean of the two component temperatures, it might seem 
probable that the resulting capacity also for aqueous vapour 
would be the mean of the two, and thus there would be no 
disposition in the mixture to part with any vapour. But it 
appears (Art. 194), that the elastic force of the vapour 
necessary for saturation increases much faster than the 
temperature. Hence, when two saturated volumes inter- 
mix, the elastic force of the vapour will be greater than that 

* See Howard's Climate of London Enc, Metrop, Art. Meteorology. 
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due to the tetuperatuie, and the air -will consequently part 
with some of it. 

This will be rendered evident by an example. 

Let two volumes of air saturated with vapour at tempera- 
tures 40° and 60" be mixed together, 

the elastic force of vapour at 40® = •26, 

and 60"= -52; 

the mean temperature will be 50°, 

and elastic force '39. 

But the elastic force of vapour at temperature 50" = "36, 
there is therefore an excess of elastic force above that which 
is due to the temperature, which is = 'OS. The whole vapour 
therefore cannot be retained, but some being parted with, will 
most probably descend to the earth as rain. But rain does 
not result always on the mixture of two masses of air, and on 
the preceding theory, oi^ht only to be the result when the 
volumes of air are saturated with vapour. 
For if air at 40" contains vapour whose elastic force = •211, 

and 60» = -313, 

the mixture at 50° will =^262. 

But the elastic force of vapour at 50" = '36 ; there is 
therefore an evident deficiency in the quantity of vapour 
which may be retained, and therefore such a mixture can part 
with no Vapour, or no rain can descend. 

This theory tvill account very generally for the observed 
phenomena respecting rain *. 

The part of the Huttonian theory which is opposed to 
the present recaved theory is, that the Vapour, being 
supposed chemically combined, is precipitated as rain in 
the chemical sense of the term precipitation; whereas the 
aqueous vapour existing according to Dalton's theory, as a 

' Enc. Metrop. Art. Meteorohgg. 
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separate fluid dlfiiised through the particles of the atmosphere, 
is, from the causes just mentioned, condensed into water, and 
so precipitated or caused to descend to the earth. 

200. Pbop. The precipitated vapour will descend at 
rain, snow, or hail, according to the temperature. 

The comhined theories of Hutton and Dalton will account 
for the return of aqueous vapour to the earth, either as rain, 
snow, or hail. 

When (from the diminished capacity of the air for retaining 
the aqueous vapour in consequence of the diminution of 
temperature) a precipitation of that aqueous vapour takes 
place, a multitude of exceedingly small drops, collecting so as 
to form a cloud, will descend with a small uniform velocity. 
That this will be the case, may be inferred from the analogous 
instance of small spherical bodies, as shot, descending in water. 

Thus it appears that clouds may descend very slowly ; and 
this agrees with the observed fact. 

If now during the descent of these drops they enter 
a quantity of air which is not saturated with vapour, and 
which (from the elevation of its temperature above the tem- 
perature which is due to the quantity of vapour that exists 
in it) is capable of imbibing vapour, these drops may re- 
turn to a state of vapour, and the cloud will disappear. But 
if the precipitation continue, the lower strata of air having 
their full quantity of vapour, the small drops coalescing will 
form larger ones, and descend as rain. 

If now during the descent of these small drops they 
encounter a mass of air whose temperature is below 32°, 
they will be congealed and descend as snow, the small 
particles cohering and forming flakes instead of drops, in 
consequence of their not being fluid. 

If the drops of rain formed by the coherence of the small 
particles of condensed vapour pass, during their descent. 
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through a mass of air whose temperature is less than 32", 
they may descend as hail. 

Dew. 

201. Prop. Dew is the aqueous vapour of the atmo- 
sphere condensed on those surfaces whose temperature has 
been diminished in consequence of their excess of radiation. 

"When vapour is condensed into small drops upon the 
surfaces of bodies on or near the ground, it is called dmc ; and 
the only difference betwixt dew and rain is, that the conden- 
sation of the vapour is in one case made at the surface of 
the body on which it is deposited, and in the other the drops 
are formed at some • distance above the earth ; the cause is 
the same in both cases, namely, cold operating on vapour. 

The question is. How comes the diminution of tempera- 
ture which gives rise to this condensation ? For the answer 
to this question we are entirely indebted to Dr Wells, 
who in his Essay on Dew has set down a series of most 
accurate experiments, and deduced from them what appears 
to be a true theory of dew.. The facts are briefly as follow. 

If on a clear night one thermometer be placed on the 
grass and another a few inches above it, the thermometer 
on the grass will indicate a much lower temperature than 
the thermometer^ above it. If the sky become overcast, the 
thermometer on the grass instantly will rise. One case 
mentioned by Dr "Wells is, that the temperature of a grass- 
plot at half-past nine was 32", that twenty minutes later, 
the sky having become overcast, it rose to SQ'^, and when 
the clouds disappeared it again sunk to 32". Not only do 
clouds produce this remarkable effect, but the thinnest 
cambric handkerchief placed a few feet above the ground 
will produce a similar effect. 

The connexion of these facts with the theory of Prevost 
(Art. 172) respecting radiation is obvious; there can scarcely 
w. p. H. 11 
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be any doubt that the effect produced on the thermometer, 
■when any object is placed aboTe it, is owing to the inter- 
change of radiation. When the night is clear and nothing 
is placed above the thermometer, the surface of the earth,' 
and of all substances on the earth, radiate freely into the 
atmosphere, and there being no objects v?hich radiate back 
again, the temperature of these surfaces falls. But when the 
night is cloudy, or the surface is covered with anything, the 
interchange of heat prevents that rapid fall of temperature 
which must otherwise take place. If this be the true theory, 
there must be a difference of temperature in every body whose 
radiating po^er is different ; that is, some substances must be 
much colder than others, and consequentlyj if dew be vapour 
condensed by the coldness of the surface, much more dew 
must be deposited on some surfaces than on others, and 
much more must be formed on some nights than on others. 

Now what is the observed fact? all good radiators of 
heat, among which may be mentioned glass, the thread of 
the gossamer, wool, and leaves of plants, are covered with 
dew ; whereas a polished metal plate will have scarcely any 
deposited upon it. 

Again, dew is never abundant except in clear and serene 
weather, and never exists at all when the weather is both 
cloudy and windy. A very gentle breeze, from the assistance 
which it gives to evaporation, is on the whole favourable, 
but a windy night, from the equilibrium of temperature 
which it occasions by convection (Art. 1 69), prevents much 
dew from being deposited ; and when this equilibrium is still 
farther brought about by the interchange of radiation from a 
cloudy sky, no dew whatever can be deposited; and these 
remarks are fully borne out by the observed facts. 

Hoar Frost. The aqueous, vapour having been depor 
sited in small drops on the sur&ces of those surfaces whose 
temperature has, by the excess of its radiation, fallen below 
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the temperature of the surrounding atmosphere, will be 
subject to all the variations of temperature -which that 
surface experiences. Hence if, from a cloud coming over, 
the temperature of the surface rise, the dew will return to 
■aqueous vapour; if on the contrary the temperature con- 
tinue to fall, the temperature of the small particles of dew 
will fall with it, and finally, be congealed so as to present 
the appearances known by the name of hoar frost. Thus 
in an open field every blade of grass will frequently be covered 
with the beautiful crystals of hoar frostj while the grass 
under the branches of a spreading tree, where the temperature 
has been kept up by the interchatige of radiation, will be 
covered only with a small quantity of dew. 

202. On the quantity of rain, and origin of springs*. 
The vapour which is raised by evaporation returns to the 
earth either as rain or dew. Now the quantity of rain and 
dew which falls in England and Wales in the course of 
a year is variously estimated; the quantity of rain being 
cjalculated by Dalton at about 31 inches of water, and the 
quantity of dew at about 5 inches, thus making a return 
to the earth of about 36 inches in the course of the year; 
and this would appear to be an approximation applicable 
to many places; but the quantity varies very much for 
different localities. 

From a series of observations extending over fifteen 
years, by Mr H. H. Watson, of the amount of rain and 
evaporation at Bolton-le-Moors, in Lancashire, the greatest 
quantity of rain was 62 inches (in 1831), and the least 34^ 
(in 1844), the mean or average quantity being about 47 
inches. 

According to observations on the Penine chain of hills, 
nearly along the line of the Sheflfield and Manchester Eail- 

* Dalton, Manchester Memoirs, Vol, v. 

11—2 
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way near Glossop, the rain -which fell at the foot of the 
hills was 45 inches on the average of Sg years, and at different 
parts of the summit, about 1 000 feet above the base, 67 and 
77 . inches*. It should be observed with reference to these 
observations, that the summit upon which they were made 
presents the first high ground to the masses of vapour borne 
from the St George's Channel by a north-west wind, the pre* 
vailing wind in that quarter, Other observations made on high 
ground near the Bann Reservoirs, in the north of Ireland, by 
Mr Bateman, shew the great excess of rain which is deposited 
on high lands, in localities situated to catch the vapour as 
it is brought from the ocean by the prevailing wind. 

The mean or average of 3 years' rain near the west 
coast of Scotland at Gilmourton Avondale, at the level of 600 
feet above the sea, was 49"3 inches, while the mean of 16 
years near the east coast, at Glencorse in the Pentland Hills, 
at the level of 734! feet above the sea, was 25'6 inchest. 

According to observations extending over nine years in the 
English Lake District, by J. F. Miller, of Whitehaven, it 
appears that at Seathwaite, the centre of that district, the 
greatest fall of rain in any one year was l60'9 inches, in 1 847 ■ 
and the least, 113 inches, in 1853. Local causes materially 
affect the quantity of rain falling at different spots, but the 
level of the most heavily charged rain-cloud and of the greatest 
fall of rain, would appear to be in that district at about 2000 
feet above the level of the sea J. 

The fall of rain near the east coast of England at BostoUj 
at the level of 40 feet above the sea, was 22*3 inches as the 
mean of 17 years, thus shewing a remarkable contrast between 

• See Paper by J. F. Bateman, read before the Literary and Philo- 
sophical Society of Manchester, February .6, 1844. 

+ See N. Beardmore'a Hydraulic Tables, p. 33. 

X See papers by J. F. Miller in the Transactions of the Royal Society 
of London, 1850, 1851, and of Edinburyh, 1855, and in Edinburgh JPhilo- 
sophical Journal, April, 1854. 
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the rain-fall on the east and west coasts, and the effect of high 
land in intercepting the clouds of vapour from the Atlantic 
impelled by westerly winds *. 

Under ordinary circumstances, the quantity of rain col- 
lected by a rain-gauge at the surface of the earth, is greater 
than at more elevated situations + ; the drops of rain once 
formed accumulate moisture by condeiisation at their surfaces 
during their descent, but upon ground so situate as to 
batch and break the clouds as they come from the ocean, the 
quantity of rain is much greater than that which would fall 
on the lower ground in the same locality. 

The rain and dew may be regarded as equivalent to the 
quantity of water raised by evaporation and carried off by the 
rivers and by underground drainage. The water which sinks 
deep into some soils, gives rise to springs, some of which 
become languid towards the end of the summer, and cease 
to flow altogether after very long droughts. 

Of the 36 inches of rain, it is supposed by Dalton, thai 
13 are carried off by rivers to the sea, and the remaining 
23 raised by evaporation from the surface of the earth f ; 
and there is every reason to conclude that the evaporation 
from the fend and sea, and the return again of the vapour 
so raised to the surface of the earth, are kept up by the same 
general causes with great uniformity from year to year. 

* At the British Association at Belfast, in 1852, Prof. Lloyd exhibited 
a table of the mean yearly rain in Ireland exhibiting the same class of 
phenomena, being on the west coast, at Cahireiveen, S9'4, and at Westport 
43'9 inches, but on the east coast at Dublin, 26'4, and at Donaghadee, 27*9 
inches. 

-)• See Tramtactions Of the British Association, 1834, for observations 
by Prof. Phillips, at York, whence it appears that the fall of rain during 
twelve months being 25"7 inches at the surface of the ground, was 19"8 
inches at 44 feet, and 19 inches at 213 feet above the ground, 

$ The observations of Mr H. H. Watson give the mean of the evapo- 
ration during -IS years as 23 inches, the mean of the rain being 47 inches. 
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203. If an equilibrium of temperature prevailed all over 
the globe, the atmosphere wouM be in perfect equilibrium, its 
density and elastic force would be equal at equal elevations, 
and diminish as we ascend in a geometric progression. 

But the temperature in the middle latitudes of the earth, 
modified as it is by an inconceivable variety of local circum- 
stances, is extremely variable. If we consider the different 
positions of the equatorial and polar regions with reference to 
the great source of heat, the sun, and the different physical 
characters of these regions, it will be evident that their mean 
temperature must differ exceedingly. Now, from observations 
made near the equator, it is inferred that the mean tempera- 
ture is 84,0 F_ 

The mean temperature of the polar regions is of course 
less than 32"; and from the observations of Scoresby, it 
appears that the mean temperature of the parallels of 76" 45' 
and 78" north latitude, is 18" and 16", whence it is inferred 
that the mean temperature of the pole is about 4" *. 

Thus there is evidently a prodigious diminution in the 
mean temperature as we rise in latitude. Now the effect of 
increased temperature on a mass of air is that it increases in 
bulk, and becoming lighter than the surrounding air, rises 
up, and its place is supplied by a quantity of colder air. 
Hence if the atmosphere were in equilibrium, an increase 
of temperature at any one point would immediately disturb 

'Enc. Metrop. Art. Meteorology. 
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that equilibrium, and motion would ensue; so thatj inde- 
pendently of all other circumstances, the difiPerence of tem- 
perature at the equator and poles would effectually disturb 
the equilibrium of our atmosphere, and establish two grand 
currents, an upper ciirrent towards the poles, and an under 
current towards the equator. 

204. Constant Winds. But the effect of the gradual 
change in the temperature from the equator to the poles, in 
disturbing the equilibrium of the atmosphere, must be small 
when compared with the great and constant excess of tempera- 
ture in the tropical regions of the earth, that is, for about 30* 
on each side of the equator. The imiform high temperature of 
these regions causes a constant and rapid transfer of the air 
from the lower to the upper parts of the atmosphere, and 
the colder air of the higher latitudes moves down into its 
place. On each side of the equator, then, there is an upper 
current moving towards the poles, which, if there were no 
other causes in operation, would travel due north and due 
south, that is, would have the character of a southerly and 
northerly wind in the north and south hemispheres respec- 
tively; and there is a lower current moving towards the 
equator, which, if there were no other causes in operation, 
would travel due south and due north, that is, to a person 
in the north tropics there would be a constant northerly 
wind, and to a person in the south tropics a constant south- 
erly wind. But the directions of these currents are modified 
by the rotation of the earth, the upper one acquiring some- 
what of a westerly, and the lower of an easterly character. 

The quantity of air which passes below from higher 
latitudes to the equator must be exactly balanced by the 
quantity which flows above in the opposite direction; and 
this is known by observation to be the fact, for the mean 
height of the barometer is the same at the equator as in 
other latitudes. 



248 



ON WINDS: 



- 205. Variable Winds. Every part of the earth's sur- 
face is, from local as well as general causes, subject to great 
variations in temperature, and the superincumbent atmo- 
sphere must participate in these variations. Hence since like 
effects will always follow like causes, there isi no difficulty 
in accounting for the origin of innumerable different atmo- 
spheric currents such as are exhibited in the variable' winds, 
although it maybe impossible ' to foretell their directions^ 
modified as they must all be by the two grand and predominant 
currents which exist in the upper and lower regions, and by 
the earth's rotation. 

HurricaneSf Sj-c. It seems worth enquiry (says Her- 
schel*),. whether hurricanes in tropical climates may not arise 
from portions of the upper currents prematurely diverted 
downwards before their relative velocity has been sufficiently 
reduced by friction on, and gradually mixing with, the lower 
strata, a,nd so dashing upon the earth with that tremendous 
velocity wliich gives them their destructive character, and of 
which hardly a,ny rational account has yet been given. Their 
course, generally speaking^ is in opposition to the trade- wind 
(Art. 206), as it ought to be in conformity with this idea. 
But it by no means follows that this must always be the case. 
In general a rapid transfer either way in latitude of any mass 
of air, which local or temporary causes might carry above the 
immediate reach of the friction of the earth's surface, would 
give a fearful exaggeration to its velocity. Wherever such, 
a mass should strike, the earth, a hurricane might arise ; and 
should any two such masses encounter in mid-air, a tornado of 
any degree of intensity on record might easily result from their 
pombination. 

The Trade- Winds, 

206. Pbop. Jf the earth revolve from west to east^ there 
must exist in the Tiorth. tropical regions a constant north- 
* Astronomy, p. 132, note. 
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easterly, and in ihe south tropical a constant south- easterly 
Kind, 

The lower atmospteric current which exists in each 
hemisphere, in consequence of the excess of the tempera- 
ture of the atmosphere in the tropical regions of the earthj 
must give rise to constant currents or winds of a north- 
easterly and south-easterly character, in the north and 
south tropics respectively. 

If the earth were at rest these currents would he due 
north and due south winds, in the north and south hemi- 
sphere respectively (Art. 204). 

Now if these currents did not exist, hut the atmosphere 
were in perfect equilibrium, the earth revolving from west 
to east would either carry the atmosphere with it, in which 
case there would be a perfect calm ; or it would revolve 
within the atmosphere, in which case there would be a per- 
petual current from east to west, or a constant east wind. 

Again, since the diameters of the circles of the earth 
parallel to the equator increase from the pole to the equator, 
the velocity of any point on the earth's surface increases as 
■we approach the equator. Thus the linear velocity of the 
motion of any mass of air must be much greater near the 
equator than at Iiigher latitudes, and infinitely greater than 
at the pole, where it is nothing. 

Now it is evident that the atmosphere, situated as it is 
with respect to the earth, must revolve round with it, so 
that if there were no disturbing causes there would be a 
perfect calm. But the lower currents as they move towards 
the equator do not acquire all at once the velocity of that 
part of the earth over which they are advancing; hence the 
^arth in these parts may be considered as revolving within 
its atmosphere, and consequently an easterly current is cre- 
ated. Thus at a point within the tropics the atmosphere 
has the character of a constant easterly wind ; but it has 

11—5 
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also the character of a constant north and south windj and 
therefore the resulting wind is north-east in one case, and 
south-east in the other; that is, there must exist a constant 
north-easterly wind in the north tropics, and a constant 
south-easterly in the south tropics. 

Now as the lower currents approach the equator they ac- 
quire more and more the motion of the earth. Hence their 
easterly character is lost, and consequently just at the equator 
the northerly and southerly currents meet in opposite direc- 
tions, and are therefore in equilibrium with each other, and 
thus the winds at the equator will be due to local causes 
simply. 

The result then must be the production of two great 
tropical belts of atmosphere, in the northern of which a 
constant north-easterly, and in the southern a south-easterly 
wind must prevail, while the wind in the equatorial belt 
which separates the two former must be comparatively calm 
and free from the easterly character. 

These consequences accord exactly with the observed 
fact*, and constitute the regular trade-icinds. 

207. Prop. A constant south-west wind must prevail in 
the northern hemisphere, and a north-west in the southern, 
and a westerly wind in the extra-tropical regions. 

The atmosphere about the equator moves with a greater 
velocity than the atmosphere in middle latitudes; hence, 
when it rises up and creates the southerly and northerly 
upper currents, it will retain this velocity; and when, on 
having its temperature reduced, it returns again towards 
the surface of the earth, this velocity will be in no wise 
abated ; and consequently the upper currents in our latitudes 
must move faster than the imder; that is, they must have 

' See Captain Hall's Fragments of Voyages and Travels, Second 
Series, Vol. i. p. 162. 



ON WINDS. 251 

more of a westerly character. Thus this upper current has 
a westerly tendency, and the resulting wind will therefore be 
south-westerly. 

In the southern hemisphere the northerly upper current 
advances faster towards the east than the lower currents, 
hence the resulting wind is a north-westerly one. 

These currents will be so modified by the currents created 
from local causes, that their direction at the surface of the 
earth will not always be south and north-westerly. But the 
origin of the south-westerly and westerly winds, so prevalent 
in our climate, and of the almost universal westerly winds 
in the extra-tropical regions, is thus clearly accounted for. • 

One other consideration is worth mentioning, which is, that 
these gales have the character of compensation currents for 
preserving the rotation of the earth. The constant north-east- 
erly and south-easterly winds in the tropical regions must tend, 
by their constant action on the earth, being in a direction oppo- 
site to its motion, to destroy that motion; whereas these 
westerly, south-westerly, and north-westerly currents, by 
acting on the surface of the earth in the direction of its 
motion, must tend to accelerate that motion. Thus beautifully 
is the uniformity of the motion of the earth preserved by the 
perfect equilibrium which exists among the disturbing forces. 

208. Observed Phenomena. The preceding is the theore- 
tical conclusion deduced from general principles ; and, though 
the trade- winds are great evidence of the truth of the theory, 
the confirmation of it for the upper. current also is equally 
decisive. A volcanic eruption in. the island of St Vincent, 
in 1812, supplied the necessary evidence*. 

The island of Barbadoes is considerably to the east of 
St Vincent, and the trade-wind blows strongly betwixt them ; 
but notwithstanding this, during- the eruption at St Vincent 

• SlttckwootTa Magazine, Vol. i. p. 134. -■ 
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dense clouds were formed at a great height in the atmosphere 
above Barbadoes, and vast quantities of heavy dust fell on the 
island, and to a great distance out at sea, to the north-east of 
the island. Here then was an instance of what ought to be 
expected on this theory ; the dust was by the volcanic eruption 
carried into the upper current, which, being westerly, carried 
it across to Barbadoes, in a direction exaqtly opposite to the 
easterly part of the trade- wind. 

209. Sea and L_andrBreezes. It is observed that gene- 
rally during the day the wind sets from sea to land, and that 
during the night it sets from land to sea. 

Now during the day the earth and the superincumbent 
atmosphere have a temperature which is above the mean 
temperature of the season, and consequently, the air becom- 
ing rarefied, rises up and is replaced by the cooler air from 
the sea, thus establishing a current which is called the sea- 



During the night the temperature of the land and of the 
superincumbent atmosphere is somewhat below the mean 
temperature of the season, and therefore the air over the 
sea being somewhat warmer (since the sea preserves a tempe- 
rature nearly uniform), rises up, and a current from the lan4 
is established, which is called the land-hreeze. 

210. Pkop. a large tract of continent will change the 
direction of a wind. 

This effect is seen in the land and sea-breezes, which is 
i^ufficierit to change the direction of the prevailing wind. 
The western coasts of Africa and America, about the equa- 
tor," become so heated by the action of a vertical suii, that 
the trade-winds lose their easterly character, and the pre- 
vailing wind at these parts is a westerly wind : a sea-breeze 
constantly sets in on these parts of the coasts. 
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Monsoons, and other periodical winds, admit of the same 
explanation. A particular distribution of land and water, 
acted upon by the periodical sun, produces periodical winds. 
When the sun is vertical the breezes are invariably sea-breezes, 
and when the sun declines the land cools much faster, and 
sinks to a much lower temperature than the surrounding 
water, and consequently the breezes become land-breezes, or 
their direction is entirely changed. 

These remarks will be sufficient to afford some insight 
into the causes of the constant and periodical currents which 
constitute winds, and shew distinctly that a change in tem- 
perature, combined with the rotation of the earth, is their real 
cause; and the state of the weather at particular places may 
be explained on the same principles*. 

210 a. Hurricanes, Typhoons, Rotary Storms. The air 
in hurricanes and rotary storms has a motion of translation 
from the equator towards the poles, and of rotation about a 
centre in a direction against the sun in both hemispheres; that 
is to say, in the northern hemisphere the motion of the air in 
the rotary storm is from west by south to east, and in the. 
southern hemisphere, from west by north to east, or considering, 
the motion of the hands of a watch as illustrating the rotation 
of the air, the northern storms rotate opposite to the southern 
storms with the direction of motion of the hands. 

These phenomena are consistent with what the laws of 
fluids lead us to expect as resulting from the sudden transfer- 
ence of a mass of air upwards or downwards as in the analo- 
gous case of the vortices produced by the discharge of a liquid 
at a point below the surface but which continue after such 
discharge has ceased t. 

* Sfif! Daniells' Meteorological Essays. 

"t" See Law of Storms by Lieutenant-Colonel Reid., 
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211. The laws of the equilibrium of fluids, treated of 
in the preceding chapters, are subject to some remarkable 
exceptions when the spaces in which the fluid is contained 
are those commonly called capillary spaces. These phe- 
nomena, first observed in tubes of small internal diameter, 
present themselves in a greater or less degree in all tubes, 
or whenever a liquid is in contact with a solid. The general 
law arrived at (Art. 33) was, that when a fluid is in equili- 
brium every point on the surface is on the same level ; but in 
these phenomena we know that the liquid is sometimes raised 
above, at other times depressed below, the surrounding liquid; 
Thus, if a tube of small internal diameter be inserted in water, 
the water in the tube will stand above the level of the water 
without the tube; if the tube be inserted in mercury the 
surface of the mercury in the tube will be below the surface 
of the mercury without the tube; and a liquid is drawn up or 
depressed by the side of' any solid with which it is in 
contact. Again, two bodies near each other and floating 
on a fluid are sometimes attracted towards each other, and 
sometimes repelled. We have to investigate the laws of 
these phenomena. 

212. Forces of Capillarity. By the term capillarity we 
express the peculiar forces or combined actions to which 
the phenomena in question are due. The forces to which 
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a liquid is subject are, the mutual attraction betwixt its own 
particles, or cohesion, the mutual attraction betwixt its par- 
ticles and the particles of the solids or adhesion, and the 
impressed force of gravity. The effect of the latter, and the 
laws of the equilibrium of fluids subject to it, have been 
already considered : we have now to consider the results of 
the modifying forces of cohesion and adhesion, as exhibited 
tinder the peculiar circumstances of a liquid contained in 
narrow spaces, or in contact with a solid. 

The existence of the force of cohesion in a liquid is 
proved by the form which a drop of water or mercury 
will assume; by the tendency which it has to resume its 
form when slightly disturbed : the particles of every drop are 
owing to the action of these forces in a position of stable 
equilibrium. For we may conceive any horizontal section 
of a drop ; all the liquid particles above this section must 
attract all those below it, so as to counterbalance the action 
of gravity upon them. 

The existence of the force of adhesion is clear from the 
suspension of a drop of liquid from the under side of any 
body ; indeed, this phenomenon proves the existence of the 
forces both of adhesion and of cohesion : it is the action of 
these, combined with the action of gravity, to which the 
form of the drop is due. 

The amount of these two attractions may be measured 
by suspending a flat plate from the end of a scale-beam, 
and observing what weight at the other end will be re- 
quisite to raise the plate when in contact with the liquid. 
In general, the force of adhesion is much greater thaii 
the force of cohesion,- and the plate, when raised carries 
with it a film of the particles of the liquid. Plates of 
difierent substances, but equal area, require the same force 
to raise them from the same liquid, but every liquid has 
a, force of cohesion peculiar to itself. When the plate does 
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not bring away any of the particles of the liquid, or, in 
other words, is not wetted by the liquid, the weight measures 
the force of adhesion betwixt the solid and liquid. This 
is found to vary with the nature of the plate and liquid^, 
and with the time during which their surfaces have been 
in contact. 

All the phenomena of capillarity are exhibited equally 
Ijoth in air and in vacuo, and are entirely independent of 
the thiciness of the material composing the body in contact 
with the liquid. Thus, in glass tubes of equal internal 
diameter the liquid has the same elevation or the same de^ 
pression whatever the external diameters of the tubes. Also, 
the elevation or depression is not proportional to the specific 
gravity of the liquid; water stands much higher in a glass 
tube than alcohol. It follows, then, that the phenomena 
must depend entirely on the mutual action betwixt the par- 
ticles of the liquid and the attraction of the tube. Moreover, 
the thickness of the tube having no efifect on the amount of 
elevation or depression, it follows, that the envelopes of 
matter situated at an appreciable- distance from the interior 
of the tube can have no effect on the height of the column. 
"We may then conclude that the phenomena of capillary spaces 
are due simply to the molecular attraction subsisting betwixt 
the particles of the liquid and to the action of the particles 
of the solid body on the particles of the liquid, which latter 
action is insensible at sensible distances. The absolute inten- 
sity of these forces of cohesion and adhesion are unknown, 
but we can from capillary phenomena form some estimate 
of their relative value. 

213. Prop. To explam generally the elevation and de- 
pression of the liquid in a capillary space. 

Let mm' be the surface of the column mm of a liquid 
suspended in a capillary space ahh'a above the surface 
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nn' of the external liquid. The equili- 
brium being^ established, any line of m 
liquid particles may be taken and sup- 
posed to be detached from the rest, and 
inclosed iri a tube, without altering the ^ 
forces exerted (Art. 30). Let the line 
of particles included betwixt the dotted 

lines be conceived so detached. 

o 

The actions which the particles of the liquid included in 
the tube exert on each other, or sustain from the sides of the 
Hibe, have no tendency to make the liquid move either up 
or down. But the column m b has some action exerted upon 
it by the sides of the tube situated above the surface mm'. 
Let ^ represent this upward action due to the tube. The 
column is also attracted downwards by the detached column 
be, that is, by the liquid conta,ined in the imaginary tube. 
Let F' represent this downward action of the liquid. Also 
the part Jc of the liquid is attracted upwards by the tube 
a b, and F will represent this action. 

Thus the liquid column is acted on by two upward 
actions, which we may represent by 2P, and by a down- 
ward action, represented by F". The whole force causing 
the ascent is therefore (2F—F'), and this must be in equi- 
librium with the weight of the sustained column. 

Let h be the height of the elevated column, a its section, 
and p the density of the liquid ; the weight then will be 
ff pah, and we consequently must have 
2F-F==ffpak. 

Let the tube be cylindrical, and r be its radius. Theri 
since it appears from experiment that the energy of the force 
of ascent depends in some manner on the diameter of the 
column, we may assume 

F=2vra, aai F^Z'Trra', 
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^where a, a', are quantities independent of the form and thick- 
ness of the tube, and express specifically the action betwixt 
the particles of the liquid and of the solid on the liquid. 
Also a—nri^. Substituting these we have 

2 TT (2 a — o') = TT t^g ph, OT h = 2 ■ — . 

or 

The value of h will depend on the quantity 2a - a' ; it 
will be positive when 2 a is > a', nothing when 2a = a', and 
negative when 2 a < a' j in this latter case the column & will 
be depressed and not elevjited. 

Thus the relative intensities of the actions of cohesion and 
of adhesion determine the phenomenon of ascent or descent. 

2a — a' . 
For the same liquid and tube the quantity ■ is 

invariable; consequently the elevation or depression of a liquid 
in tubes of a given material is inversely as the radius or 
diameter of the tube. 

"We shall see presently (Art. 217) a more exact method 
of arriving at the preceding conclusion. 

214. Laplace's Theory. There is another mode of 
viewing capillary phenomena, which enables us to explain 
in a more complete manner the different modifications which 
they may present. "Whether the liquid column within the 
capillary tube, which we have been speaking of, is raised or 
depressed, its upper surface cannot be a plane; for if we 
imagine it to be composed of concentric annular portions, 
none of them but that which touches the side of the tube 
will be directly affected by the capillary action; the others 
will rise by the attraction which takes place between the 
particles of the liquid itself : it is evident from this that the 
upper surface must be concave or convex, according to circum- 
stances. There is then a necessary connexion between the form 
of the unconfined surface of the fluid column within the 
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capillary cavity, and ita state of elevation or depression. Now 
Laplace has shewn that this connexion may be established 
directly, without any reference to the action of the solid matter 
on the liquid. 

In order to present the important principles involved in 
this question as clearly as possible, we will consider in the 
next article the action on any particle at the surface, when the 
liquid is not contained in a capillary space ; but when the 
surface is free, or a level surface. 

215. Prop. The particles at the surface of a liquid are 
sulject to an action resulting from the attraction of the particles 
in the interior of the liquid. 

The molecular attraction of the particles of a liquid 
extends only to a small distance; the distance through which 
this extends may be said to be the sphere of the sensible 
attraction or activity of the particle. 

Let ABhB the surface ^ — s ^ a, — N ,j:_^ 

of any liquid at rest, and . Jt^-''Xj^ ^ \"'m''y_ ^~^''^\~^^ 
from any point m as &^^,„>^n ^^-g^ K^^J"--^ 
centre, let a sphere be 

described with a radius equal to the greatest distance at 
which the attraction of the particles on themselves is sen- 
sible. The particle at m will only be attracted by the 
particles within this sphere, and the resultant of these 
attractions will evidently be in the direction of the normal 
mn. Let any other point as m' be taken within the liquid; 
let a sphere be described as before, and through m draw 
the line gf parallel to the surfiioe; draw a line cd parallel 
to the surface at a distance from it equal to the radius of 
this sphere of attraction. Then the resultant of the attraction 
of the particles of the liquid comprised betwixt gf and 
c <f.and betwixt gfaml a 5 on the point m' are in equilibrium 
wilh each other, and this point is attracted only by the 
particles in the segment ced. For a particle m", situated 
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at a. distance below tli© surface equal to that of sensible 
attraction, the sphere falls entirely within the liquid; the 
particle is equally attracted on all sides, and consequently 
in equilibrium: the same also is the case with, all the par- 
ticles situated at a greater depth within the interior of the 
liquid. It follows, therefore, that all the particles contained 
betwixt the surface of a liquid and an interior surface parallel 
to the former, are attracted in the direction of the normal 
to the surface ; that this attraction is greatest at the surface, 
and diminishes for the particles withia th® surface, and 
becomes finally insensible. 

The resultant of all these forces on a particle situated, 
at the plane surface of a liquid will in the following articles 
be called A. 

When the liquid is contained in a capillary space, so 
that the surface is convex or concave, the action on a particlq 
at the surface will be greater or less than in the preceding 
case, as we shall see immediately. 

216. Prop. To determine the nature of the force on a 
•particle situated at a point of curve surface in a capillar y. 



The pressure which we have called A (Art. 215) occurring 
in the mass of a liquid whose surface is horizontal or plane, 
is diminished when this surface is concave towards the interior, 
and increased when convex. The cause of this change will be 
understood from the following reasoning. 

Let cd, ef, represent the concave and con- 
vex surfaces of a liquid in a capillary tube. 
The action of the particles of the fluid in the 
■meniscaacaAhd, on the central filet AC^ evi- 
dently has a resultant directed upward in 
the direction CA, whose magnitude we will 
call M; so that the definite pressure A which 
the molecules of the line AC situated at a 



OK CAPILLARY ATTRACTION. 261 

depth greater than the radius of the sphere of molecular 
attraction would sustain if the surface were plane (Art. 213), 
is only equal to A —Jlf when the surface is concave. 

To determine the value of the pressure when the surface 
is convex, we must take from A the action of the meniscus 
ealf, which we will suppose of the same form as the other. 
It will bo evident that the action of this meniscus on the cen- 
tral line must be exactly equal to the action of the former one. 

Let us consider any particle n of this new meniscus. 
Draw nO perpendicular to AC and take OA'=OA; the 
Taction of n on the particles of the liquid line comprised 
betwixt A and have a tendency to make it descend; 
the action of n on the particles of the filet betwixt 
and A' tend to make it ascend ; these two contrary 
efforts being equal will destroy each other ; so that n 
will act with effect only on , the particles situated below 
A'. Its action then will be equal to that of a molecule m 
of the first meniscus, .symmetrical with n as regards the 
plane aAb. The same identity of action will take place 
for all the molecules symmetrically placed in each meniscus. 
Each meniscus then acts in the same manner on the filet AC. 
But the action of the meniscus cabd being M, that of eahf 
will be M also, acting upwards ; hence, since we may treat 
the column terminated by the surface eA/ as a column 
terminated by a plane surface minus the meniscus eahf, it 
follows, deducting the upward forqe due to this, that the 
pressure exerted along -4 (7, the surface being convex, laA + M' 
Now the value of M being calculated by analysis we have*, 

where M and r are the radii of greatest and least curvature 
of the surface at the point A-, and B is the value of an 

integral. 

-•See TheorS of Fluids, Art. 88. 
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The pressures therefore exerted on a point of a surface 
concave or convex are respectively. 

The preceding theoretical results are confirmed by ex- 
periment ; for we observe that a solid tube being immersed 
in any liquid, the level of the liquid in the interior of the 
tube stands above that of the external liquid, whenever 
the surface is concave, is the same when the surface is 
plane, and depressed below when the surface is convex. 
Thus the form of the surface and the elevation of the column 
are connected by an invariable law. 

217. Prop. To determine the elevation or depression in 
a capillary space. 

Let the accompanying diagrams represent a capillary 
tube inserted in a liquid ; in one of which the column 
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is elevated, in the other depressed, "We have to consider 
the forces to which this column is subject. Let any line of 
particles whereof de is paraUel to the free surface of the fluid, 
that is, perpendicular to gravity, be conceived detached. Then 
since there is equilibrium the pressures must be equal in each 
direction on any particle at m. The pressure transmitted to 
m along the line abd is that due to the weight of the column 
a d, and the action of the liquid on the particles of the curved 
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surface; the action transmitted along /e is that due to the 
■weight of the column fe, and the action of the liquid on the 
particles of a plane surface. Consequently, if h be the height 
of the column above the surface, and z the depth of m, below 
the surface, we have 

"When the column is depressed we have similarly 
gp{z-h) ^A^r\B\^^^^ = A^gpz; 

Thus the amount of elevation and depression is expressed 
in terms of the radii of curvature of the surface, and each is 
inseparably connected with the peculiar form of the surface 
as to concavity or convexity. 

The tube being cylindrical the liquid will be terminated by 
a surface of revolution, and R = r% consequently 

B\ 

^ gpr 

that is, the elevation or depression is inversely as the radius 
of curvature of the surface at the lowest point. In this 
case the capillary surface will be very nearly spherical; 
and the elevation or depression inversely as the radius of the 
tube*. 

218. Prop. The surface of a liquid in contact with 
a solid will he plane, concave, convex, according as the at- 
traction of the particles of the liquid for each other is equal 

• Theory of Fluids, Art. 89. 
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to, less, or greater than, imee the action of the solid on the 
liquid. 

The reasoning in preceding propositions depends on the 
form of the surface of the liquids ; as its concavity or 
convexity : it remains to shew on what each of these depends. 
At first sight it would appear as if a body would be wet- 
ted by a liquid when the attraction of the solid for the 
liquid is greater than of the particles of the liquid for each 
to her. 

Let AB be the surface of a liquid in contact , with a solid 
whose face is CD. The action of the 
liquid betwixt AB and AD will have a 
resultant bisecting the angle DAB as 
represented at -2"; the resultants of the 
actions of the particles of the solid above 
and below the surface of the liquid will 
bisect the other angles, as represented 
by Y and Z. The action then on any particle situated at A 
will be the resultant of these three forces, and the direc-^ 
tion of this resultant -will determine the form of the surface 
of the liquid at the point A ; for the surface must be per- 
pendicular to this resultant. 

If this resultant be parallel to AD, that is, perpendicular 
to the surface AB, the surface of the liquid will be plane; if 
the resultant He in the angle BAD, the surface will be convex, 
and if in the angle CAE, it will be concave. 

To determine the cases in which this will occur, let P 
represent the action of the liquid in the direction AJT, and 
Q the action of the solid in the directions A Y and AZ. 
The forces Y and Z being resolved into the horizontal and 
vertical direction, the two latter will destroy each other, and 
the sum of the former -will be 2 ^ cos 45", Resolving JT 
in the same manner, each portion will be P cos 45"; the 
horizontal part of which will be opposed to the horizontal 
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portion of the fonner. Hence, the total force on a particle at A 
in the horizontal direction 

= ('2Q-P) COS. 4,5", 
the total force in the direction AD = P cos. 45*. 

That the surface at A may be plane, the only resultant 
force must act in the direction AD, which is impossible, 
unless 2Q-P=0. 

That the surface may be convex, the resultant must be 
in the angle DAB; the horizontal force must consequently 
be in the direction AB, or must be uegative, that is, 2Q 
must be > P. 

That the surface may be concave, ZQ must be < P. 
Thus the surface will be plane, convex, or concave, according 
as the cohesion is equal to, greater, or less than twice the 
adhesion. The same result was obtained before (Art. 21 6). 

219. Eaiperiments. The preceding reasoning and con- 
clusions are verified in a remarkable manner by 
the following experiments, which shew distinctly Sd 

the influence of the curvature of the bounding ■ 

surface of a liquid contained in a capillary tube, "a ■■ : 

Let a liquid which will wet the sides be poured ■ ■ 
into a capillary tube bent as represented in the ■ ■ 
figure, so that one branch is shorter than the ^^^ 
other. The two branches having the same diameter the 
liquid wiU stand at the same height in both. But if liquid 
be poured into the shorter leg a fi so as nearly to fill it, the 
concavity of the surface will diminish, the surface will at 
one instant be apparently plane, and on adding more liquid 
it will stand above the edge of the tube, and become con- 
vex. During these changes of form the liquid in the branch 
dc will raise itself more and more above the extremity a: 
the surface being plane, the diiference of level will be equal 
to that which would exist on the tube being inserted into the 
w. p. H. 12 
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liquid; and this becomes doubled when the surface of the 
liquid at a is convex. This result is in accordance with the 
preceding theory. For the pressures being A-M &ni A, 
their difference is M, and in the second being ^- if and 
A+M, their difference is SM; the elevation is consequently 
double in the latter case. 

The following experiment also will verify 
the preceding reasoning. Let a capillary tube 
ab perfectly dry be connected with a tube ed 
of sensible diameter; a liquid poured into cd 
will rise in ab, and be terminated by a con- 
cave surface. If now the tube a J be not wetted 
above the surface of the liquid, and if additional 
liquid be poured gently into the tube cd; the curvature of 
the liquid in a 6 will gradually diminish, and become plane, 
and finally convex. The difference of level at the same time 
will experience corresponding variations; it will diminish 
with the curvature, and vanish when the surface is plane, and 
there will be a depression when the surface is convex. 

The elevation or depression of a liquid betwixt two glass 
plates is inversely as the distance of the plates from each other, 
and equal to that in a tube whose radius is equal to the 
interval between the plates*. 

If a capillary tube be withdrawn from the liquid by 
which it is wetted, the upper surface wiU be concave, and at 
the lower vrill be a spherical drop, and the height of the 
suspended column is nearly double the elevation which existed 
before the tube was withdrawn. The upper surface being 
concave, the pressure at any point of it is A-M. 

The lower surface being convex the pressure A + M'. 
The difference of these, or the force sustaining the column, 
is M+M; which is in equilibrium with the weight of the 
column. 

• See Theory of Fluids. Art. 93. 
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If the surface of the orifice be not wetted we hare, since 
the curvatures are the same, M= M' ; the force causing the 
ascent is therefore 2Jf, or the height of the column double 
that which it was when the tube is immersed. 

If the liquid does not wet the tube the pressures at the 
two curved surfaces balance each other, or their difference 
is in the direction of gravity ; the liquid cannot consequently 
be sustained. 

A small quantity of liquid placed 
in a cone with its axis horizontal, ap- _ 
proaches or recedes from the summit 
according as the surfaces are concave 
or convex, that is, as the tube is or is ~ 
not wetted by the liquid. ' /T 

The pressures at any points m and m' will be as the 

/? Ti 

forces^- — and .4 — ,, if r and r' be the radii of the 
r r 

surfaces, which will be nearly spherical (Art. 215). But 

aft is more curved than cd, consequently r is less than 

r' ; the quantity subtracted from A is greater in the former 

case than in the latter; the pressure therefore at m is less 

than at m', or the drop moves towards the vertex of the 

cone. 

But the surfaces being convex, as ef and g h, 

the pressures at n and n are as A h — and A+ ,, 

that is, the greater pressure is at the surface of least curvature, 
or the drop moves from the vertex. 

220. Prop. Two substances immersed in a liquid within 
a capillary distance, and both or neither wetted hi/ the liquid, 
will move together into close contact, and will recede from each 
other when one is wetted and the other is not wetted. 

Let two substances both of which are wetted by the 

12—2 
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liquid be immersed therein, and at such a distance from 
each other that the liquid 
is elevated betwixt them as 
in a capillary tube. These 
will move towards each 
other, and come into con- 
tact. In examining the 
forces to which the sides 
are subject, we may as- 
sume that the lateral pres- 
sures are equal, and de- 
stroy each other at all 
corresponding external and internal points of the surface 
which are in contact with the liquid. We need consequently 
only examine the forces acting on the portion ab of- the 
mass. Take any point m above the level of the external 
liquid, and draw any canal me^o whereof m« is horizontal and 
eo vertical. Then since the liquid at m is terminated by a 
plane surface the attraction inwards or the force at m in the 
direction me is A (Art. 215). 

But a particle at m is pressed outwards by the pressure 
transmitted along the column etn, which is that due to the 
action at the curved surface, and to the gravity of the 
column e ; 

.'. the pressure outwards aXm^A-M+ffxoe. 
But =ff X of; 

.'. the pressure outwards at m=A —g x ef, 
or, is less than the pressure inwards. 

Again, let us consider the forces at any point n. Here 
the pressure inwards is as before A. Draw n horizontal. 
Then similarly as before for the action transmitted along pn, 
we have 

the outward pressure dA, n = A-M. 
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But M will equal g x nd. This then will represent the excess 
of the pressure from without inwards. 

It appears then that for all points of the solid which are 
in contact only on one side with the liquid, there is a pres- 
sure from without inwards proportional to the height of the 
point above the level of the external liquid j the bodies 
consequently will move towards each other as if by mutual 
attraction. 

"When the solids are not wetted by the liquid, it may be 
shewn in the same manner that the parts which are in contact 
only on one side with the liquid, are acted on by forces from 
without inwards which are not counterbalanced, and the 
bodies consequently move towards each other as if attracted. 

When two solids are immersed, whereof one is wetted 
and the other is not wetted by the liquid, and the space 
betwixt them is such that the curvatures of the surfaces 
just unite, the following takes place. 

There is a point of inflexion just at the point of this 
Union, and on the same kvel as the external surface ; at this 
point the surface is plane. The elevation and depression 
of the liquid betwixt the bodies is less than the elevation 
and depression which exists on the outer side; for the de- 
pressed liquid tends to diminish the curvature of the elevated 
liquid, and conversely ; so that the curvature of the surface 
of the liquid against the inner side of each solid, is less than 
that against the outer side. Whence it follows, that the 
elevations and depressions being inversely as the radii of 
curvatures, are less (Art. 214). 

From this it will follow, from reasoning similar to the 
preceding, that each solid is attracted towards the greater 
curvature ; the bodies consequently recede from each other. 

2'21. Theories of Laplace and Poisson. In the theory 
which has been presented in the preceding articles of capillary 
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phenomena the liquid has been supposed incompressible. This 
hypothesis, -which is perfectly consistent with aU observed 
phenomena, together with the following hypotheses, that 
there is an attraction of the particles of the liquid for each 
other, and also a mutual attraction betwixt the particles of 
the liquid and the particles of the solid, and that these forces 
are sensible only at insensible distances from the attractive 
centres, led Laplace to an explanation of the many curious 
phenomena of capillary action. 

Reasoning on these principles Laplace concluded that 
the attraction of capillary tubes influences the elevation or 
depression of the liquid only, by determining the inclination 
of the liquid surface to the contiguous surface of the solid, on 
which inclination the concavity and convexity of the fluid 
surface depend, as well as the magnitude of its radius. The 
concavity or convexity of the surface thus comes to be spoken 
of as the cause of the elevation or depression of the column; 
for we have seen that the nature of the surface, whether 
plane, concave, or convex, (Arts. 212, 213), influences the 
amount of pressure which is exerted at each point thereof. 

Poisson, however, does not admit the introduction of the 
first of these hypotheses, namely, the incompressibility of the 
liquid ; but arguing on the hypothesis of the molecular con- 
stitution of bodies, their porosity, and known compressibility, 
contends that the pressure at any point of the surface arising 
from the action of the molecular forces, cannot increase with 
the distance from the plane surface of the liquid without 
causing a corresponding variation in the distance of the 
particles near the surface, unless there be also a variation in 
the quantity of heat producing the repulsive force, for the 
particles so acted on. There being no such variation in the 
quantity of heat, the density of the liquid must increase with 
the distance from the free surface till we reach the limit of 
the sphere of the sensible action of the particles. Thus Poisson 
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contends for a superficial variation in the density of the 
liquid at the surfaces in question : and that corresponding to 
the modifications in the resultants of the attractive forces to 
which the bounding surfaces are subject, there will be differ- 
ences of density imperceptible in themselves, but causing 
variations in the pressure, from which very sensible effects 
will result. 

Taking then into consideration the compressibility of the 
liquid, Poisson arrives at the following important conclusion, 
that "capillary phenomena are due to the molecular action 
resulting from the calorific repulsion and an attractive force, 
and modified not only by the form of the surface, as in 
Laplace's theory, but moreover by a particular state of the 
compression of the liquid at its superficies." Also, that " the" 
molecular attraction in liquids as well as solids extends further 
than the calorific repulsion*." 

The variation in density near the surface must be ex- 
tremely rapid; and as experiments have never detected its 
existence, we have a sort of negative evidence that the 
superficial stratum in which there is any sensible variation 
must be extremely minute. If that depth may be neglected 
in comparison of the sensible activity of the attractive force, 
Laplace's principles suffice for a theory of capillary action, 
without being inconsistent with those of Poisson+. 

The results obtained by Laplace may be considered as 
first approximations; and as there do not appear to be any 
objections to the reasoning in any part of Laplace's Theory, 
we must for the present leave the more delicate and refined 
theory of Poisson to the researches of the speculative philo- 
sopher. The pursuit of this subject, with an especial view 
to detecting this variation in density at the surface, is of the 

* M. Poisson, Nouvelle Thiorie de V Action eajnllaire, Arts. 30, 31. 
+ Professor Challis, Report of British Association for 1834. 
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greatest importance, as furnishing evidence of the highest 
order of the truth of the molecular constitution of bodies. 

Professor Challis, in concluding his elaborate reports on 
the Mathematical Theory of Fluids, writes as follows respect- 
ing the views of these two celebrated philosophers: "It does 
not appear that any exception can be taken to the reasoning 
in any part of Laplace's Theory; the principles may indeed 
be objected to on the ground which Poisson takes up, viz. 
that if the molecular constitution of bodies be admitted, there 
must be a superficial variation of density, which that theory, 
takes no account of; as however experiment has not yet 
detected any such variation, and we have no means of 
assigning the amount of its influence, it would be premature 
to reject the theory on that ground, especially as the pro- 
bability is that the effects which this consideration has on 
the numerical results of the calculations will at all events b^ 
small*." 

* Reports of British Association for 1836. 



CHAPTER XVII. 

ON SOUND. 



222. The phenomena of sound present illustrations of the 
laws and properties of elastic fluids, different from any which 
have been treated of in the preceding pages. Sound, strictly 
speaking, is an effect or sensation produced on the mind by an 
action upon the organs of the ear ; but in common language, 
a body is said to sound, when it is in the state to produce the 
impression or sensation of sound, if a medium suitable for 
transmitting sound exist between the body and the ear. It is 
well known that sounds are conveyed to our ears from a dis- 
tance through the air, but it was not until after the discovery 
of the air-pump that it was ascertained that the air is the 
active agent, or vehicle of sound ; so that if air be absent, 
or present only in a very rarefied state, as in the exhausted 
receiver of an air-pump, sound will not be transmitted. 
Hauksbee* having suspended a bell in the receiver of an 
air-pump, found the sound die away by degrees, as the 
air was exhausted, and revive again as the air was read- 
mitted; and if air be forced in by a condenser, the sound 
will increase in intensity with the degree of condensation. 
The diminished intensity of sound in the rarefied atmosphere 
of an elevated mountain-range is well known. 

223. Prop. Sound is produced hy a motion of mbration 
in the sounding hoiy or source of sound, and is transmitted by 
a like motion. 

• See Philosophical Transactions, a.d, 1705. 

12—5 
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One of the most familiar instances of the production of 
sound is when a bell, as of glass or other material, is struck ; 
and a consideration of what then takes place will point out 
the nature of the motions with which the production of sound 
is connected. The particles struck recede from the blow, and 
having moved to their extreme position in one direction, 
return in the opposite direction and pass beyond their original 
position, and continue to vibrate or oscillate about their 
original position, until they return to a state of rest. On 
the vibration or oscillation of the particles ceasing, the sound 
ceases also, and whenever we experience the sensation of 
sound, the vibrations or oscillations of the particles of the 
body are going on. Hence it is that bodies or substances 
such as wool or cotton do not produce sound ; their constitu- 
tion is such that the vibrations essential to the production 
of sound cannot exist. Thus also extremely hard bodies, 
as masses of stone, which do not readily admit of a change 
of form, or the particles of which cannot vibrate in the 
manner of more elastic bodies, are not usually regarded as 
sonorous. 

Sound so produced by motions of vibration is trans- 
mitted by a like motion in the air, namely, by a series of 
alternate condensations and rarefactions consequent upon the 
particles of the air partaking of the vibratory motion of the 
sounding body. These alternate condensations and rare- 
factions of the air being propagated in all directions, travel 
onwards, and thus the sound is said to be propagated as a 
wave; that is to say, the transmission of the sound takes 
place onwards or continuously in one direction from the 
source of sound, while the motions of the particles to which 
that transmission is due take place only through a very 
small distance. The motion of the wave, as in the case of 
the wave in water, is very different from the motions of the 
matter, that is, of the particles of the air or water in which 
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the wave ia propagated*. Sound may be produced fcy tlie 
rapid rotation of a cut card, or the stroke of the lash of a Whip-; 
and although the particles of the body from which the sound 
originates are not in a state of vibration or oscillation, siniilar 
to the bell abeady referred to, the air is in the same state of 
alternate condensation and rarefaction, that being an essential . 
condition of the transmission of any sudden impulse through 
an elastic fluid. The air is not the only medium which may 
become the vehicle of sound; liquids and all elastic bodies, 
whether fluid or solid, also transmit sound in the same manner, 
the law of the transmission being modified by the nature of 
the internal constitution of the body. 

224. Prop. Sound is transmitted in air with a uniform 
velocity of about 1 1 00 feet per second. 

That the transmission of sound does not take place 
instantaneously, but requires sensible time, is proved by 
ordinary observation. The report of a gun is heard long 
after the flash is seen, and the interval is longer the more 
distant the gun. Sound being transmitted by the propa- 
gation of the series of successive condensations and rare- 
factions, the velocity of sound will be the same as the velocity 
of transmission of such condensations and rarefactions. 
This will obviously depend on the character of the medium 
through which the sound is transmitted, and, in the case of 
the atmosphere, on the various circumstances affecting its 

* The phenomena of waves in water are more readily apprehended 
than in air, owing to the former being visible to our senses. In the! 
circular waves produced by a stone thrown into still water, and in the 
waves which roll on to the sea-shore, the particles of the water do not 
move in the direction in which the form travels. The surface of the 
water is successively elevated and depressed, and the wave travels 
onward; when the elevation and depression of the particles are inter- 
fered with by the shore, the wave breaks. See Webster's Elements of 
Physics. 
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elasticity and pressure. Considerable discrepancy existed 
for some time between the velocity of sound, as determined 
from observation and theory, but this discrepancy was 
removed when the development of heat during the conden- 
sations, and the absorption of heat during the rarefactions 
(Art. 174), and the corresponding effects on the elasticity of 
the air, were properly taken into the account ; and the velocity 
may be taken at about 1 1 00 feet per second*. 

It may also be mentioned, as the result of observation and 
theory, that all sounds travel with equal velocity in the same 
medium ; were not this the case,, the notes of different musical 
instruments would not reach the ear in the precise order in 
which they are played, nor would the component notes of a 
harmony, in which several sounds of different pitch concur, 
arrive at once. 

22.'5. Prop. Sound is' reflected, the angles of incidence 
and reflexion being equal. 

The fact of the reflexion of sound is well established by 
the phenomenon of echoes ; but the law according to which it 
is reflected as established by observatioii and derived from 
the principles which are adopted as the basis of the mathe- 
matical theory of sound, is that of the equality of the angles 
of incidence and reflexion. Sound is emitted in all direc- 
tions from the sounding body or source of sound; the suc- 
cessive condensations and rarefactions constituting a series 
of spherical waves propagated in succession through space, 
and moving in the direction of radii from the source of 
sound : thus sound, in the same sense as heat and light, may 
be said to be propagated by rays in every direction. The 
propagation of sound in waves moving as it were from a 
centre in the direction of radii, follows as a consequence 

• See Theory of Fluids, Art. 142, and Encyc. JKetropoliiana, Art. 
S«und, 67—70. 
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fronf the hypothesis that each particle or molecule of air 
when disturbed communicates its motion of vibration to the 
surrounding particles or molecules, and thus becomes a centre 
of fresh disturbance; whence it conies to pass that sound, 
after passing through an aperture, is propagated in all 
directions*. 

When the wave by which sound is propagated meets with 
any obstacle, as a hard or elastic body, it cannot advance ; the 
motion is not however extinguished, but the vibration of the 
aerial particles is reflected. The obstacle thus becomes the 
origin of a new vibratory motion in the air, and a centre of 
fresh waves which cross other waves in the same manner as 
waves in still water. 

The reflecting obstacle thus becoming as it were a fresh 
source of sound, the position of an observer with reference 
to this obstacle and the original source of sound is most 
material, and the result of observation and experience shews 
that the phenomena of the reflexion of sound may be well 
expressed by the law that the angles of incidence and reflexion 
are equal. If an observer be situate midway between two 
plane surfaces, a sound originated at the same spot will be 
reverberated from both surfaces and reach him at the same 
instant and reinforce each other; if he be nearer to one surface 
than the other, the sound will be confused or double. If the 
reflecting or echoing surface be concave, the reflected sounds 
will after reflexion converge towards certain foci or centres, 
in the same manner as was explained in reference to heat 

•Experience shews a remarkable distinction to exist between the 
spread of sound and light. Sound on passing through a hole is propa- 
gated laterally as well as straight forward, whereas light is propagated 
only straight forward, making a spot on a body placed in front of the 
hole of the same size as the hole. This results from the fact that the 
length of the waves of light is less than the diameter of the aperture, 
whereas the length of the waves of sound will generally be greater 
than the diameter of the aperture. See Airy's Undulatory Theory of 
Optics, Art. 25. 
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(Art. 170); so that the observer situate in the centre of a 
spherical surface, or at the focus of an elliptical surface, will 
receive a much louder echo than when situate between two 
plane surfaces. 

226. Illustrations. The theory of sound as explained 
in the preceding articles admits of many familiar illustrations, 
among which the following are especially deserving of notice. 

It has been stated that all sounds travel with equal ve-i 
locity, but the distance to which sound can be propagated so 
as to be audible depends on the state of the atmosphere and 
the presence of any good reflecting surface. Thus during a 
dense fog, and falling rain and snow especially, the free pro- 
pagation of sound is materially aiFected. A similar effect is 
produced by a fresh fall of snow on the ground; but when the 
surface of the snow has become glazed with a coating of ice, 
the propagation of sound takes place very readily, as over still 
water*, or along a smooth wallt. 

Effect of pipes. The effect of smooth pipes in preventing 
the spread and loss of sound is well known. The use of 
speaking tubes between different apartments affords an illus- 
tration of this ; and according to an experiment of M. Biot, the 
lowest whisper was heard from one end to the other of a 
system of water-pipes of more than SOOO- feet in length. A 
well at Carisbrook Castle, in the Isle of Wight, 210 feet in 
depth and 12 feet in diameter, is lined throughout with very 
smooth masonry; a pin dropped from the surface vdll be 

• See Encyc. Metrop. Art. Sound, 21. 

tThe whispering-gallery at St Paul's, London, and the echoes at 
many churches and other buildings, present well-known illustrations ; and 
it may be observed, that whenever a, room presents a curved surface, as a 
dome or vaulted roof, an echo (if the room be of sufficient dimensions) or 
a confusion of sounds may be expected. The echo at the Menai Bridge 
in North Wales is particularly deserving of attention. See Encye. 
Metrop. Art. Sound, 35. 
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heaid to strike the water. The disturbance of the air is in 
these cases confined to a limited mass or column, instead of 
being communicated and allowed to spread in all directions, 
and may thus be transmitted onwards to great distances with- 
out any considerable diminution of intensity. 

Sounding-Boards. The parabolic sounding-board, presents 
one of the most obvious confirmations of the above principles. 
It is a property of the parabola that all lines from the focus to 
the surface make the same angle with the perpendicular or 
tangent to the surface at any point as a line parallel to the 
axis of the parabola. Hence, if the angles of incidence and 
reflexion of sound be equal, a ray of sound proceeding from 
the focus will be reflected in a direction parallel to the axis 
of the parabola ; so that if the mouth of a speaker be in the 
focus of a parabolic sounding-board, that is, of a surface gene- 
rated by the revolution of a parabola about its axis, the sound 
which diverges in spherical waves above his head will all 
be reflected in the same direction and parallel to the axis of 
the parabola. Those who are within the ordinary range of 
the speaker's voice will hear by direct rays of sound, and those 
at a distance by reflected rays ; some persons may hear from 
both sources, but no confusion will be introduced, since the 
sound from the two sources, namely, direct and reflected, will 
appear to come at the same instant. The same instrument 
will also render a very low whisper at a distance audible, and 
an ear in the focus of such a sounding-board may hear at the 
distance of many feet a sound which would scarcely be audible 
directly at a much smaller distance. 

Thunder. The rolling or peals of thunder, and its sudden 
bursts, are explicable on the same principles. It appears from 
observation, that under a clear sky the explosion of a cannon 
is heard as a sharp and single sound ; but if the sky be over- 
cast, there will not unfrequently be a long-continued roll, and 
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occasionally a double sound from a single shot. The continu- 
ous peal of thunder may therefore be a series of echoes from 
different parts of the dense clouds which usually accompany a 
thunder-storm. 

But there is also another cause ; the transmission of elec- 
tricity like light is for all distances within the limits of our 
atmosphere (Art. 129) instantaneous. The sound, then, con- 
sequent on a discharge of electric fluid, will be generated at 
the same instant through many miles of cloud, but it will 
travel to our ears with a velocity of about 1100 feet per second 
(Art. 224) ; so that it will arrive successively from different 
points, thus producing a continuous peal or roll of thunder. 
When the sound arrives from any number of points at the 
same instant, a sudden burst or clap is the consequence, but 
in general the sound is continuous, augmented at intervals by 
echoes so as to cause all those variations in the intensity of the 
sound which add so much to the grandeur of the scene. 

227. Musical sounds. The sounds to which the term 
musical is applied differ from ordinary sounds, or noises, in 
that the impulses producing the sound are similar in duration 
and intensity, and recur at equal intervals of time ; and the 
differences in the rapidity with which the impulses are 
repeated, or the duration of the vibrations, constitutes that 
comparison of sounds which is technically expressed by the 
term tones. If a musical string, as a metallic wire stretched 
between two points, be struck, and then left to itself, it will 
vibrate for a certain period, giving rise to a sound which will 
be heard at a greater or a less distance; but the character 
of the sound or the tone will be the same so long as the 
isochronism of the vibrations is preserved : the extent of the 
vibration, or excursion of the string and the intensity of the 
sound, will gradually diminish, but the time of each excursion, 
and consequently the tone, will be unaltered. If the string 
be stretched with greater force the vibrations will be more 
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rapid ; the sound will not be the same, but will have a higher 
tone ; the pitch will be different*. 

228. Ititerference of sound. The phenomena of musical 
sounds, particularly those known as beats in music, furnish a 
direct proof of the interference of sound, that is to say, of 
cases in which one set of aerial Tibrations may be added to 
another so as to increase or diminish the intensity of the 
resulting sound, according to the state of motion in the mole- 
cules of air by which the sound is to be propagated. 

229. It would be foreign to the present treatise to enter 
more into detail respecting the laws of the sounds produced 
by the vibration of strings or of a column of air, and the 
phenomena of musical sounds and instruments generally. 
The vibrations of bodies, whether fluid or solid, are intimately 
connected with the laws of their internal constitution and the 
mutual connexion of their component particles ; a subject of 
the greatest difficulty. 

The subject of the theory of sound is of great importance 
when viewed in connexion with the theories of light and heat 
and electricity, which latter are connected together in a 
remarkable manner in other respects, as well as in the laws of 
vibrations and undulations, to which, in common with sound, 
they must be referred. 

One remarkable similarity between the laws of sound and 
light must be mentioned, namely, the interference of the waves. 
It is certain that waves of sound may interfere with each other 
so as to produce comparative stillness, in the same manner as 
waves of light may interfere with each other so as to produce 
comparative darkness. 

The effect upon the human ear of the impulses producing 
the sensation of sound is very remarkable : if the number of 

• See Webster's Elements of Phydca. 
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impulses exceed or fall short of a certain number per second, 
that is, so to speak, of the limits for each particular ear, all 
sense or perception of sound is lost. Some persons never 
heard the cry of a bat, £)(nd are altogether insensible to sounds 
which are painfully shrill to others. The impulses may lose 
in intensity more than they gain in velocity and consequently 
not have intensity sufficient to affect the internal organs of the 
ear, or those organs may be unable to transmit more than a 
limited number of aerial vibrations or impulses in a given time ; 
but, whatever may be the way in which the sensation of hear- 
ing is connected with the vibrations of matter, whether gaseous 
or liquid, it is not unphilosophical to conjecture that animals 
exist whose powers of hearing commence where ours terminate, 
and who may hear sounds of the existence of which we are 
ignorant; that one medium, as air or water, may convey 
distinct sounds to different orders of creation, so that there 
may be whole classes of living and moving beings having no 
sound in common. 



CHAPTEE XVIII. 

ON WAVES AND TIDES, AND MOTION OF WATER AND 
TIDAL PHENOMENA IN RIVERS AND ESTUARIES. 



230. The paiticles of fluids are acted on by gravityj and 
subject to the same laws of gravity as the particles of solids 
(Art. 10); a given mass of fluid is subject to the same laws 
of equilibrium and of motion as a solid; but inasmuch as 
the particles of a fluid move inter se, the fluid mass is subject 
to a continual change of form, which occasions great difficul- 
ties in any attempt to treat the subject mathematically. 

The motion of water in a pipe, trough, or channel of uni- 
form section is referable to the laws of gravity and the equal 
transmission of fluid pressure, and may be the subject of mathe- 
matical calculation. The velocity in each case, other things being 
the same, is due to the head, that is, to the height of the water 
at one point above its height at another point of the mass or 
the surface when the water is unconfined, as in an open trough, 
canal, or river. 

Owing to the instantaneous transmission of pressure equally 
in all directions (Arts. 21 — 26), an increase or diminution of 
pressure at any part of the mass of a fluid at rest and free 
to move, as the addition or abstraction of a small quantity 
of water in one portion of a pipe containing water and open 
at each end, will be followed instantaneously by a change in 
the condition of pressure and by motion throughout the entire 
mass, as by running over at one end contemporaneously (to 
the senses) vnth the introduction of the water at the other 
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end. Water contained in a pipe constitutes a machine, the 
parts of which, that is the particles of water, are so intimately 
connected that the consequent motion and the change in pres- 
sure on the introduction or ahstraction of a portion of water 
are to the senses at least contemporaneous, and the motion con- 
sequent thereon may be said to be instantaneous. Such trans- 
mission, although instantaneous to the senses, is not absolutely 
so, by reason of the M'ater being slightly compressible; instead 
therefore of saying that the transmission of pressure is immediate 
or instantaneous, it may be more correct to say that there is 
an immediate or instantaneous alteration of pressure through- 
out the entire mass. 

The same law of the instantaneous transmission of pressure, 
or of change in the condition of pressure, exists in water not 
confined on all sides ; as for instance, if a trough or canal be 
full of water, the addition or abstraction of a portion of water 
at any part, as at one end, will cause the running over instan- 
taneously of an infinitesimal small quantity at the other end, 
the expression instantaneously being qualified by the extent 
to which water is compressible. When however the water is 
not inclosed on all sides the transmission of motion is ac- 
companied by phenomena of waves, to the laws of the genera- 
tion and propagation of which attention must be particularly 
directed. 

231. A wave is the transmission of an undulation or 
transference of a form independent of the rnotion of translation 
of the mass of the water. 

A clear apprehension of the meaning of the term ' wave of 
water' is essential to an understanding of the phenomena of 
tides, especially as exhibited in tidal rivers and estuaries. 

In the theory of Acoustics (Art. 223) and Optics the 
term undulation is frequently employed to express the same as 
the term wave; the term wave and undulation being used indif- 
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ferently to express the same thing, namely, a transmission and 
transference of form or state of particles ; such transmission or 
transference of form being altogether di£ferent from the motion 
of the particles of the fluid in which the transmission or trans- 
ference takes place. Each wave is but an advancing form, 
the particles of the water partaking of a vertical motion, as 
will at once be evident from the motion of a cork, piece of 
wood, or other floating substance, or a vessel riding at anchor ; 
the particles of water partaking of these vertical motions in 
succession constitute or occasion the transference of the state 
of particles exhibited by the travelling wave. 

The particles of the water may be conceived to partake of 
small motions alternately upwards and downwards, and alter- 
nately forwards and backwards in reference to the direction 
in which the wave is travelling, the wave moving continually 
in the same direction. This oscillatory or reciprocating motion 
of the particles is sufficient to explain the continuous motion of 
the shape, form, or arrangement of particles constantly in one 
direction*. 

Thus the continued motion of the wave in a given direction 
is not the continued motion of the water in that direction, but 
the continued motion of a shape or form, or of an arrangement 
of the particles of the water. 

232. Characteristics of waves. The characteristics of a 
wave are as follows. Each particle is disturbed in a horizon- 
tal as well as in a vertical direction ; the state of each particle 
in advance is, at some future time, the same as the state of 
each particle in arrear; the motion of each particle is 
reciprocating or oscillating. 

If the same form be transferred at the same rate, the above 
characteristics are preserved; but if in the course of the motion 
of the wave an alteration takes place in the form transmitted, 

♦ See Encyclopedia Metropolitana, Art. Tides and Waves (136 — ^9). 
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as by an alteration of the linear interval between the crest of 
two successive waveSj or in the shape of the crest, there will 
have been a corresponding alteration in the motion of the 
particles. 

Thus waves njay present another or fourth characteristic ; 
the wave or form in the course of its progress may at one time 
or place be long and flat, and at another time and place be 
short and flat, also the rate of transmission or velocity of the 
wave may alter. 

The conditions of the equilibrium and motion of fluids 
involved in such alterations have reference to the continuity 
and equal pressure of fluids j if the depth of the water be 
variable the theory shews that the two conditipns of continuity 
and equal pressure cannot be satisfied in a series of waves the 
particles of which partake of oscillating motions. 

The tidal wave up a river or estuary presents many such 
changes; a wave 18 feet in height at the entrance of the 
Bristol Channel will be 30 feet at Swansea, 50 feet at Chep- 
stow, 18 feet at Newnham and 7 feet at Gloucester. In these 
and similar instances the form of the wave changes in its pro- 
gress, the change of form and progress of the wave being 
influenced by the depth, width, and section of the estuary or 
channel along which it travels. 

233. A wave inay he generated iy any disturbance of the 
relative position inter se of the particles. 

The peculiar mode of producing the disturbance or undula- 
tion in the water, or of genrating the wave, influences or 
determines to some extent the character, or as it is technically 
called, the phase of the wave. 

A wave may be generated by the sudden introduction 
or withdrawal of a solid ; by the sudden addition or abstrac- 
tion of a portion of the water itself; by the continuous action 
of pressure, as of the wind, or in any way by which the 
relative position of the particles inter se is disturbed. The 
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wave generated by the paddles of a steam-boat presents in pass- 
ing away the phenomena of a considerable depression, or, as it 
has been termed, a negative wave*, and is included in the 
general mathematical expression for a wave by a change of 
the sign of the coefficient, the one (or negative wave) being a 
progressive hollow or depression, the other (or positive wave) 
being a progressive elevation. 

One of the simplest modes of generating a wave for the 
purpose of observation on the laws of its propagation or 
transmission is by the addition or abstraction of a portion of 
water to or from water contained in a trough, or by the 
admission of a portion of water at the bottom, thereby pro- 
ducing an elevation or swell at the surface, which, by reason 
of the mutual connexion of the particles, will be transmitted 
throughout the trough. 

234. The propagation of a wave depends on the height, 
length, and form of the wave, depth of water, and section of 
containing channel. 

A wave generated in water, mercury, or other liquid con- 
tained in a rectangular trough will be propagated or travel 
along the trough with a velocity varying as the square root of 
the depth of the water in the trough. Thus, supposing the 
quantity of water in a trough to be doubled, or the width of 
the trough containing the water to be reduced one half, the 
depth being in one case four and in the other case eight, the 
velocity in the latter would be to the velocity in the former case 
as two to the square root of eight (Z : J8); or suppose the depth 
were four and sixteen respectively, the velocity, of transmission 
or propagation would be in the proportion of two to four. 

Theory indicates and experiment confirms the above law of 
the velocity of transmission of a wave in a channel of uniform 

* See experiments hy John Scott Russell. Report of 7th Meeting 
(Iiiverpool, 1837) of British Association, pp. 417 — 496- 
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depthj breadth, and section ; but when the channel is not 
of uniform depth and breadth, and the section variable, the 
velocity of transmission does not follow so simple a law. For 
such cases neither theory nor experiment has as yet done 
much towards ascertaining the law of propagation. 

In the experiments above referred to in a trough of rect- 
angular or uniform section, one wave only is travelling over the 
surface at the same time; but in nature waves follow each other 
in quick succession. The following general conclusions indicated 
by theory will be useful in making observations on waves. 

In water of a given depth the velocity of different kinds 
of waves is not the same, but depends on the length of the 
wave and upon the interval of time at which successive waves 
follow each other. If the distance between the crests of the 
waves or the interval of time between successive waves be 
given, the velocity of the wave will vary with the depth of 
the water. 

When the length of the wave is not greater than the depth 
of the water, the velocity of the wave depends (sensibly) only 
on its length, and is proportional to the square root of its 
length. 

When the length of a wave is not less than a thousand 
times the depth of the water, the velocity of the wave depends 
(sensibly) only on the depth, and is proportional to the square 
root of the depth. It is, in fact, the same as the velocity which 
a free body would acquire by falling from rest, under the action 
of gravity, through a height equal to half the depth of the 
water. From these conclusions it will appear that in making 
observations on waves, or in reasoning thereon, it will be 
necessary to direct attention to the depth of the water, the 
height and length of the wave, and the mode of its generation. 

The greater velocity of large as compared with the velocity 
of small waveSi also indicated by theory, is consistent with ex- 
perience. 
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235. Selection, crossing, and mter/erence of waves. The' 
experiments above referred to on the motion of a wave in a 
rectangular channel, afford a good illustration of the reflection 
of waves. The- wave having travelled from one end of the 
channel to the other, will be reflected by the plane end and 
return back again over the same space without alteration 
of form. Thus a channel twenty feet in length may be used 
for determining the velocity of the wave, in lieu of a channel 
many times that length ; inasmuch as a wave in such a chan- 
nel, observed after reflection 60 times, will really have de- 
scribed 1200 feet; and the observations on its velocity and 
motion being made at different points of its length, as say 3 
points in the length of 20 feet, are equivalent to observations 
at 180 points in the 1200 feet of its motion. "Waves, how- 
ever produced, observed in a rectangular channel after reflec- 
tion in the manner described, shew no perceptible difference 
of velocity. 

As in the case of the undulations or waves of air by which 
sound is transmitted^ two waves of water may cross each other 
without interference, or may interfere in such manner as to 
obliterate each other and produce comparative stillness ; this 
may be observed in the series of circular waves, diverging 
from a centre, caused by throwing two stones of equal size 
into water at the same moment, under favourable circumstances; 
for such an experiment a series of points may be distinguished, 
in which the water remains smooth, whilst it is agitated at 
intermediate parts. 

236. Wavei due to action of leind. The waves produced 
by the action of the wind upon the surface of water, are those 
vrith which we are most ordinarily acquainted. The action of 
the wind on the surface of the water produces in the first in- 
stance very shallow undulations, or increases the undulations 
already existing. The height of the wave becomes increased 

w. p. H. 13 
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in every part, during which the heads will ordinarily be broken, 
from the circumstance of the particles at the crest or top of 
the wave being driven forward in the direction of the wind 
with too great force for continuous undulation. 

These are the phenomena when the sea is rising, but after a, 
time the height of the waves (beginning from the windward 
shore) will be so much increased as that the power of the 
wind will merely maintain them in that state without any 
increase, but for all the sea in advance the wind will still be 
raising the waves. As the wave necessarily attains that 
height which corresponds with the height which the wind can 
just maintain, those waves will no longer be increased though 
the waves in advance will still be increased. Thus a wind of 
given intensity, however long it blows, can only raise the waves 
at a given point to a certain height, which height however will 
depend upon the distance of that point from the windward 
shore. The action of the wind will maintain a series of waves, 
whose elevation beginning at the windward shore is nothing, 
and goes on increasing successively from wave to wave with- 
out remarkable alteration from time to time; when a. certain 
magnitude has once been attained, and when the waves have 
attained this certain magnitude, their heads will hardly be 
broken by the action of the wind. 

It should be remarked, that in the open sea the waves of 
large amplitude only are so much increased as to attract atten- 
tion ; the reason of this would appear to be, that when the 
action of the wind has in some degree increased all the waves, 
the long protect the short waves from the continuance of its 
action upon them. And thus the!, long waves are conspicuous 
at open sea, not because th^hort waves are changed into long 
waves, but because the long waves only are increased con- 
spicuously from the windward shore to the open sea. 

Considerable difference of opinion exists as to the height 
of waves in the ocean under the action of. the wind. The 
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Astronomer Royal inclines to the opinion, that- in no case the, 
height of an nnbroken wave exceeds 30 or 40 feet*. 

237. Tides in the ocean. The attraction of gravitation 
upon the liquid envelope of the earth, in combination with the 
rotation of the earth about its axis, gives rise to a class of 
phenomena different in kind from any which have been as yet 
considered. These phenomena of the ocean tides, generally 
designated as the tides, are as follow : 

The surface of the sea at any place is liable to periodical 
variations in height, which accurate observation has shewn to 
depend on the relative position of the moon, combined in some 
degree with that of the sun. 

The tides present three orders or classes of phenomena 
which are separately distinguishable; the first kind occurs 
twice a day, the second twice a month, and the third twice a 
year. Every day, about the time of the moon's passing over 
the meridian, or a certain number of hours later, the sea 
becomes elevated above its mean height, and at this time it is 
said to be high water. The elevation subsides by degrees, 
and in about six hours it is low water, the sea having attained 
its greatest depression ; after this it rises again when the moon 
passes the meridian below the horizon, so that the ebb and flood 
occur twice a day, but become daily later and later by about 
50^ minutes, which is the excess of a lunar day above a solar 
one, since 28| lunar days are nearly equal to 29j solar ones. 

The second phenomenon is^ that the tides are sensibly in- 
creased at the time of the new and full moon j this increase 

* See Enegc, Metrop. Art. on Tides and Waves (417). The following 
will be read with interest.— "In H.M.S. Thetis, during an unusually 
heavy gale of wind in the Atlantic, not far from the Bay of Biscay, 
while between two waves, her storm try-sails were totally becalmed, the 
crest of each wave being above the level of the centre of her main yard 
when she was upright between two seas. Her main yard was 60 feet from 
the water-line." Voyages of the "Adventure" and "■Beagle," Appendix, 
297, by Captain Fitzroy, R.N. 

13—2 
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and diminution constituting the spring and neap tides: the 
augmentation becomes also still more observable when the 
moon is in its perigee, or nearest the earth. The lowest as well 
as the highest water is at the time of the spring tides; the 
neap tides neither rise so high nor fall so low. 

The third phenomenon of the tides is the augmentation 
which occurs at the time of the equinoxes ; so that the greatest 
tides are when a new or full moon happens near the equinox, 
while the moon is in its perigee. The effects of these tides 
are often still more increased by the equinoctial winds, which 
are sometimes so powerful as to produce a greater tide before 
or after the equinox, than that which happens in the usual 
course, at the time of the equinox itself. 

The above are the phenomena exhibited in connexion with 
the position and action of the moon, but the sun also produces 
a series of effects the same in kind, but different in degree, on 
account of its greater distance, to those produced by the moon ; 
the tide due to the solar, being about two-fifths of the tide due 
to the lunar, action. 

These tides take place independent of each other, nearly 
in the same degree as if they were single, and the combination 
resulting from them is alternately increased and diminished 
accordingly, as they agree or disagree with respect to the time 
of high water at a given place. Hence are derived the spring 
and neap tides ; the effects of the sun and moon being united, 
at the times of conjunction and opposition, or of the new and 
full moon, and opposed at the quadratures, or at the first and 
last quarters. 

The phenomena above described are common to the tides 
of the ocean, and to the tides as seen on the shores of any 
continent ; the latter however may be designated as derivative 
tides, that is to say, they are derived from the elevation and 
depression of the ocean at and about the region of the equator; 
and although the general phenomena are the same in all cases. 
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local causes give rise to various peculiarities deserving the 
attention of the student*. 

238. Tides in the atmosphere. The attractions of the sun 
and moon on the fluid envelope of the earth constituting our 
atmosphere, must occasion tides in the atmosphere having the 
same general characteristics as tides, of the ocean. The greater 
or less accumulation of the air over any particular portion of 
the earth, according to the position of the tidal wave and the 
consequent condensation or rarefaction of the air, produces an 
increased or diminished weight of the atmospheric column, 
which should be indicated bycorresponding periodical variations 
or oscillations of the barometer. These effects due to the at- 
traction of the sun and moon are however sO inconsiderable 
in comparison with the disturbances produced in the equili- 
brium of the atmosphere by other causes, that very careful 
observations are necessary for their detection ; but such obser- 
vations unequivocally indicate the effect of the lunar action 
in producing a tide in the atmospheret. 

The effects due to the attraction of the sun on the solar 
iide in the atmosphere is much more difficult to be detected, not 
only because it is much smaller, but because the periodical 
oscillations of the barometer due to solar heat are much greater. 

The effect of the variation in the pressure of the atmosphere 
upon the ocean tide, in producing a greater or less elevation or 
depression, has been examined with great care and made the 
subject of calculation $. 

♦The subject of the tides has engaged the attention of Newton, 
BemoulU, Laplace, Lubbock, Airy, Whewell, and indeed of all the most 
eminent mathematicians of modern times. 

See treatise on Tides and Waves in the Enct/clopiedia Metropolitana, by 
Cr. B. Airy, the present Astronomer Royal. See also Lord Brou'gha'm's 
Analytical View of Newton's Principia. 

+ See paper by Colonel Sabine, Phil. Tr. 1847, p. 46. 

$ See researches of Sir John Lubbock, Phil. Tr. 1837, p. 97 ; Daussey, 
Connaissance des Temps, 1834; and of Mr Birt, Ilth Report of British 
Association for the Advancement of Science. 
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239. Tides in rivers and estuaries. Although the tides 
in rivers and estuaries present the. general characteristics of 
the phenomena above described, local circumstances produce 
changes requiring to be particularly noticed. 

The elevation or depression of the water due to tidal action 
at or near the mouth or entrance of a river, or the tidal wave, 
is transmitted according to the laws already referred to. This 
transmission or travel of the tide wave is independent of the 
current of the river. Tides in a river present the following 
phenomena. The duration of the fall is greater than the rise, 
that is, the interval from high water to low water is greater 
than the interval from low water to high water, or, in other 
words, the ebb is longer than the flood*- It will also be 
found that the current in a river runs upwards for some time 
after high water, and downwards for some time after low water, 
when it again changes its direction and runs upwards. 

Any person observing a tidal river, as the Thames from 
the centre pier of London Bridge, would perceive a current 
continuing to run upwards after the surface of the water has 
dropped to the extent of nearly two feet, and to run down- 
ward, after the surface of the water has risen to a similar extent. 

This fact has given rise to the popular error, on the part of 
persons viewing this and other rivers from the bank only, of 
supposing "that it is not high or low water in the centre of the 
channel until long after it is high or low water at the sides, " 
regardless of the physical impossibility that the water should 
not preserve a level surface, but stand at one time considerably 
higher and at another considerably lower than at the shore. 

The large quantity of fresh or land water, finding its out- 
let to sea by the Thames and other rivers, materially afiects 

• Some apparent exceptions occur in this. For instance, at Portsmouth, 
owing to the combination of the tides due to the passage by Spithead and 
the Needles, the tide in Portsmouth Harbour flows 7 and ebbs S hours, 
a fact not without its influence in the maintenance of that important 
harbour. 
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the state of high and low water as regards its elevation and 
depression ; but it does not affect the transmission of the tide 
wave, or state of high and low water, except that the velocity 
of the current is to be added to or deducted from the velocity 
of such transmission, according as the direction of the two are 
the same or opposite: except to this extent,— the velocity of the 
transmission of the wave is independent of the manner in which 
the disturbance is made or the wave generated. 

240. The velocity of the tidal wave in a river or estuary 
is measured by the interval between the time of high and low 
water at successive places. 

The velocity of propagation of the wave, though nearly 
independent of the mode of its generation or the nature of the 
disturbance, is materially affected by local circumstances. 

The velocity of the transmission of a wave in a channel 
rectangular throughout, or contracting and, expanding gradu- 
ally and uniformly, in water 10 feet in depth, is about 18 
feet per second ; and in water S6 feet in depth would be about 
34 feet in a second ; a result arrived at by theory in so simple 
a case, and confirmed by observation. But theory is unable to 
deal with this subject in the ordinary case of tidal rivers 
and estuaries, and recourse must be had to observation in par- 
ticular cases. 

In the Thames. If high water occurs on a certain day 
at Margate, at 12 o'clock, it will occur at Sheemess at 24 
minutes past 1 ; at Gravesend at 1 5 minutes past 2 ; and at 
London Bridge a few minutes before 3; the distance from 
Margate to London Bridge being about 70 miles. Thus the 
tidal wave has been propagated, or the state of high water 
has travelled 70 miles in about 3 hours, or at the rate of more 
than 23 miles an hour for this lower portion of the river. 

Again, the high water which occurs at the London Docks 
at 4.15, will occur at Battersea Bridge at about 5 o'clock, at 
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Putney Bridge at 5^, at Kew Bridge at 5.30, and at Tedding- 
ton Lock at 6\ o'clock. Thus in the upper reaches of the 
river, obstructed by numerous bridges and other impediments, 
the tidal wave travels about 20 miles in two hours, or at the 
rate of about 10 miles an hour*. 

Great care must be taken not to confound the velocity of 
the stream or current on the flood and ebb tide with the ve- 
locity of the tidal wave. The stream passes between London 
Bridge and Putney Bridge on the flood tide in about 6^ 
hours, and on the ebb tide in about 5f hours, a distance of 
7i miles ; or the velocity of the current either on the flood or 
ebb is not more than 1^ miles per hourf . 

The Mersey, Dee, Severn, Tyne, Clyde, and all other tidal 
rivers and estuaries, present similar phenomena, materially 
modified however by local causes. The general characteristics 
of such phenomena are the same, being due to the same general 
cause, namely, the elevation and depression of the ocean tidal 
wave ; but each river and *stuary presents some features of 
detail peculiar to itself |. 

In a river of great length there may at the same instant 
be several tides or states of high and low water at difierent 
points along the river; such is recorded as observed in the 
river Amazons. 

241. Alterations in the range of tide and time of Mgh 
water. 

Observation confirms that which theory would lead us to 
expect, namely, that when a river contracts or shoals rapidly, 

• See Beaidmore's Hydraulic and Tide Tables (Weale, London), pp. 
Ixviii — ^Ixxii, Ixxi — iii, for much instructive information on this subject. 

+ See observations of Messrs Kennie and Giles, as recorded in the 
Fourth Report of the British Association, and in Beardmore's Hydraulic 
and Tide Tables (Weale, London). 

X See Beardmore's Hydraulic and Tide Tables for these particulars. 
Also Webster's Birkenhead Docks, for observations on Tides of the 
Mersey. 
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the range of tide is increased. In a uniform channel, in con- 
sequence of the effect of friction, the range will decrease; there 
is then some rate of contraction with which the range of tide 
will be stationary; if the river contracts more rapidly, the 
range will increase from the preponderating effect of fcontrac- 
tion : if it contracts less rapidly, and, d fortiori, if it expands, 
the range will diminish from the preponderating effect of 
friction. This increase of range or heaping up of the water 
at the upper end of a tidal river or estuary, is due to the 
change of form and the momentum of tidal column ; the tidal 
wave meeting with a rapid contraction the water moves on, 
the momentum being the same in the one as in the other 
column. Also the range of the tide in passing up a river may 
increase and decrease successively. 

From this also it will be evident, that the low water in 
the upper part of a tidal river or estuary may be higher than 
the high water nearer the sea. 

The interruption of a channel generally uniform by a 
barrier, as an elevation of the bottom or the piers of a 
bridge, is attended with similar alterations in the range of 
the tide. 

Such contraction of channel and increased range of tide 
may produce a reflex action and recoil, materially affecting 
the quantity of water entering from the sea ; hence in treating 
a channel artificially, care must be taken not to contract the 
channel too much. One main object of hydraulic engineering 
is to increase the quantity and efficiency of the water enter- 
ing a tidal river or estuary from the sea and the scour on the 
ebb. By an improvement in the channel the high-water may 
be raised and the low- water surface depressed, thus increasing 
the influence of the tidal column ; and this raising of the high- 
water and depression of the low- water surface will be con- 
current results. An advance in the time of high water will 
also result from such improvements; the time of high water 

13—5 
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will occur earlier, so that the periods of the flow and ebb may 
be more nearly equalized, the latter being in general consider- 
ably in excess of the former. 

242. Illustrations. 

Various instances may be cited in illustration of the alter- 
ations in the range of tide and time of high water. 

In the Thames, the mean range at Sheerness is 13 feet, at 
Deptford 17, at London Bridge about 15, and at Teddington 
Lock about 2 feet. 

In the Severn, a tidal elevation or wave of about 1 8 feet 
in height at the entrance of the British Channel, will have a 
height of SO feet at Swansea, of 50 feet at Chepstow, of 
18 feet at Newnham, and of 7 feet at Gloucester. A wave 
having a height of 27 feet off Lundy Island, will attain a 
height of 60 feet at Chepstow; and a wave in the Bay of 
Fundy, of a height of 8 feet at the entrance of the Bay, will 
have a height of 25 feet at the Island of Grand Manan, 
and a height of 75 feet at Chignecto Bay, the alteration in 
height between these points of the Bristol Channel and the 
Bay of Fundy being 33 and 17, 50, 67, feet respectively. 

A wave having a mean range of about 13 feet near the 
mouth of the Seine has 20 feet at Havre, 13 feet at Quillebauf, 
and thence decreases rapidly; and a wave of 15 feet at Cher^ 
bourg has a range of nearly 40 feet at St Malo. 

In the St Lawrence the range increases from 4 or 5 feet at 
the mouth to 14 feet at Quebec, after which it dies away. 

In the Wash, between Lincolnshire and Norfolk, the range 
of tide is about 26 feet, but at Yarmouth only 6. 

In these and similar cases the elevation of the ocean 
tidal wave may be regarded as uniform; but the increased 
elevations or ranges of tide are due to the operation of 
the momentum, and the change of form impressed by local 
causes. 
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243. The Bore. 

When the tide rises rapidly with a tidal wave of a con- 
siderable height (as at Newnham on the Severn, where it rises 
1 8 feet in an hour and a half), a phenomenon called the Bore 
may be produced under certain circumstances. The Bore is a 
broken wave advancing with great rapidity and noise. A 
rapid rise of tide and considerable extent of flat shore near the 
level of low water, are necessary for its production. The rapid 
rise of the tide elevating the surface of the water considerably 
above the flats, the water immediately rushes over them with 
great velocity, and with a broken front and a great noise. 
The rise of the water continues after the Bore has passed 
with apparently unabated rapidity, until the river is full. 

This phenomenon is exhibited also in the Seine, the Ama- 
zons, the Bays of Chignecto and of Mines, and at the head of 
the Bay of Fundy. 

244. Equilibrium between descending and ascending co- 
lumns in tidal rivers. 

The column of descending water is opposed by the column 
of ascending water, and these balance or come into equilibrium 
with each other. 

The straightening and deepening of the outfall of a river 
(so successfully eflfected in the Nene and in the Ouse), while it 
admits more tidal water as an ascending column, also increases 
the power of the descending column. The depression or lower- 
ing of the low-water surface, and removal of obstructions to 
the discharge of the descending waters, is equivalent in effect 
to increasing the natural fall of the river from the highest 
point at which the tide is felt. Any increase in the fall of the 
river gives the descending column of fresh water additional 
velocity and momentum, or greater mechanical power, whereby 
the equilibrium betwixt the two columns will be established 
at a point more seaward. This imaginary boundary or point 
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where the two forces are in equilibrium, will move in tne 
direction of the increased force; for example, when the force 
of this land-water is increased by a flood, the boundary will 
travel seawards ; and when the tide is aided by a wind from 
the sea, the boundary will travel upwards*. 

245. Action of waves and currents to transport solid 
matter. 

The deposit of solid matter below the high-water line on 
or contiguous to the bed of tidal rivers and estuaries, the 
variation, travel, and removal of such deposits, are among the 
most interesting questions of hydraulic engineering. 

The matter of such deposit may exist in the water in a 
state of solution, as it is commonly called, that is, of mecha- 
nical suspension, by reason of the specific gravity of the matter 
and water dififering insensibly from each other ; or matter of 
greater specific gravity than water may be transported by, 
and, as it were, suspended in water, by reason of the agitation 
of the water and the velocity of its motion. 

A very small amount of sensible agitation in the water 
will retain the matter firstly above referred to in its state of 
mechanical suspension ; and such matter will not be deposited 
so long as such agitation is continued, which will generally be 
the case in tidal rivers and estuaries, except in extremely 
sheltered places. The soft mud of rivers and estuaries is a 
deposit made under the above circumstances, and which 
readily resumes its state of mechanical suspension, on being 
subjected to agitation, similar to that on the cessation of 
which it was deposited. 

The current takes up and transports solid matter of greater 
or less specific gravity, according to its velocity; depositing 

* See Report by Robert Stephenson on the Improvement of the Nene, 
in reference to the then (a.d. 1848) much agitated question whether the 
straightened outfall would bring the salt water more inland. Experience 
shews the boundary to be taken more to sea. 
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a portion of such matter at or near any spot where its 
velocity is checked, thus fonping a submerged bank, as in 
the neighbourhood of piers of bridges, or of any solid obstruction 
in the water-way, or near the base of a wall, the friction along 
the face of which reduces the velocity of the film of water 
contiguous to such wall. 

The changing character of the velocity of a current may 
be observed in the eddies, the slack w'ater, and the reverse or 
opposite currents which occasionally exist ; in all such cases 
there is a tendency to form a submerged bank or shoal, varying 
in height and dimensions according to the velocity of the 
current at the surface of the accumulation. When the forces 
tending to deposit and to removal at such surface are in 
equilibrium with each other, no change takes place; the 
submerged bank or shoal will remain, or decrease, according as 
the one or other action is in excess. 

The wave also sustains matter in suspension, according to 
the velocity of the oscillating and reciprocating motion of its 
constituent particles ; but the travel of the wave in the proper 
sense of the term is not accompanied by any translation or 
transference of such particles. A portion of the water subject 
to waves, transports, during the filling or emptying of any 
receptacle^ the matter which the agitation keeps in suspension, 
and such matter on the cessation of the agitation becomes 
deposited. The particles of solid and of fluid matter form 
equally part of the wave, but the translation of solid matter 
is due to the motion of the water in a mass, and ^ot to 
the travel of the wave. 

Just as the subsidence of the wave leads to the deposit of 
solid matter in suspension, renewed agitation brings the matter 
80 deposited into a state of suspension, and such matter becomes 
removed from the place of deposit, just in the same manner as 
it was brought in, by the withdrawal of the water in a state 
of agitation, and the breaking gf the waves. When howev^ 
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the wave becomes broken, there is a transfer or translation of 
the particles of solidj as well as of fluid matter. 

246. Harbours, Submerged Beaches. The application of 
the above principles is illustrated by the silting of receptacles 
for water subject to tidal action, as bays of the sea, the 
entrances of tidal rivers and estuaries, basins and harbours 
situate on such rivers and estuaries, in each of which a deposit 
takes place under the action of the causes just referred to. 
Some peculiarities however deserve to be noticed, both in 
natural and artificial harbours. The indraught of water on 
the filling, and the discharge of water on the emptying, is 
accompanied by the deposit and removal of sand or solid 
matter, in proportion to the quantity of water entering and 
discharged; this quantity in some rivers, as the Tyne or the 
Tees, and other estuaries under similar physical conditions, is 
very large, as compared with the quantity entering or discharged 
from the Wear or Bay of Hartlepool, geographically situate 
betwixt the two former. The variation in the state of such 
rivers and estuaries is consequently much greater in the former 
than in the latter case. Similar variations to those taking place 
daily in the shore of the sea betwixt high and low water, 
are also taking place in that part of the shore permanently 
covered with water, that is in the portion of the shore below 
low water ; theory and observation concur in the fact of the 
periodical motion and fluctuation of such submerged beaches. 

In the filling and emptying four times a day of a basin or 
harbour, situate on a river or estuary subject to tidal influence, 
the above causes are in operation, exhibiting however results 
of a less extensive character. 

The current passing across the mouth or entrance of a basin 
or harbour, on the flood or rising tide, at a velocity say of from 
4 to 6 miles an hour, will carry along with it in suspension the 
matter due to its velocity. The water entering the basin or 
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harbour may not have a velocity of more than ^ a mile an 
hour ; the solid matter capable of being moved, or carried in 
by such a velocity will be exceedingly small; and no solid 
matter will enter except what is due to the velocity of in- 
draught ; the heavier matter will pass on with the current, and 
the indraught necessary for filling the basin or harbour will 
carry with it no other particles of solid matter than those 
which its velocity ieeps in suspension. 

Inasmuch as the section of the entrance to such basin or 
harbour will generally be less than any other section of the 
basin or harbour, the velocity of the indraught or outdraught 
will be greater in that than in any other section ; the matter 
will be deposited as such velocity decreases, so that the 
heavier matter will lie nearest the entrance, and the lighter 
matter only will be carried further in. During the emptying 
of the basin on the ebb or falling tide, the velocity of the out- 
draught and power of removal of the deposited matter will 
be greatest in the minimum section. 

This tendency to remove on the emptying, matter brought 
in and deposited on the filling of the basin or harbour, will 
not generally be sufficient to keep the entrance clear, but 
artificial means, as by dredging or a current, will be required; 

In some cases, as for instance Portsmouth Harbour, where 
from its peculiar situation in reference to the two passages by 
the Isle of Wight, the tide flows seven and ebbs_;?»e hours, the 
greater velocity of the efflux than of the influx assists in the 
maintenance of the Harbour. 

247- Canal wave navigation. In the navigation of cer- 
tain canals of small depth, on which boats are drawn by 
horses, it was accidentally discovered, that if the boat travelled 
at a certain speed, the resistance to, or tractive force necessary 
for maintaining the speed of the boat, was less than if the 
boat travelled at a greater or a less velocity. This excep- 
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tional case to the general law of the increase of the resistance 
according to the square of the velocity (152 6) is referable to 
the fact, that a boat, travelling along a canal, at whatever 
speed, is accompanied by a wave, travelUng at the same speed 
as the boat, whose motion at that particular speed is main- 
tained by the horizontal pressure of the boat upon the water. 
This, which may be called the forced wave, or wave due to 
the immediate action of the impressed forces, is distinct from 
the/ree wave, which will travel along the canal at a particular 
velocity varying as the square root of the depth (Art. 234). 
If the boat moves more slowly than this free wave, the forced 
wave precedes the middle of the boat, and the force necessary 
to keep up the speed of the boat is (in proportion to its velo- 
city) considerable ; if the boat moves more rapidly than the 
free wave, the forced wave follows the middle of the boat, and 
the force necessary to maintain the speed of the boat is (in 
proportion to its veloctiy) less than in the former case ; but if 
the boat moves with a velocity equal to, or rather slightly 
exceeding, the velocity of the free wave it rides with its 
middle on the top of the wave, and is drawn along by a force 
much less (in proportion to its velocity) than at lower speeds, 
or indeed by a force absolutely less than at such speeds*. 

* See the facts stated, and results analysed, by John Scott Russell, 
Edinburgh Transactions, Vol. xiv ; also EncyclopiEdia Melropolitana, 
Art. Tides and Waves (404—9). 
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APPENDIX.— TABLES, &c. 



I. 

SPECIFIC GRAVITIES. 

Thermometer 60" J". 

Barometer 30 inches. 

A cubic inch of water weighs 253.17 grains. 

A cubic inch of air weighs •3100117 grains. 



Agio, Acetic 1.062 

Arsenic 3.391 

Arsenious 3.728 

Benzoic 0.667 

Boracic, crystallized ... 1.479 

Do. fused 1.803 

Citric 1.034 

Formic 1.116 

Fluoric 1.060 

Molybdio 3.460 

Muriatic ■ 1.200 

Nitric 1.271 

Do. highly concen- 
trated 1.583 

Phosphoric, liquid 1.558 

Do. solid 2.800 

Sulphuric 1.850 

Agate 2.690 

Alcohol, Absolute 0.797 

Do. highly rectified 0.809 

Do. of commerce 0.835 

Alum 1.714 

Amber from 1.065 to 1.100 

Ambergris from 0.780 to 0.926 

Amethyst, common 2.750 

oriental 3.391 

Amianthus from 

1.000 to 2.313 

Ammonia, aqueous 0.875 

Arragonite 2.900 

Azure-stone 2.850 

Barytes, Sulphate of, from 

4.000 to 4.865 
Do. Carbonate of, from 

4.100 to 4.600 

Basalts from 2.421 to 3.000 

Beryl, oriental 3.649 

Do. occidental 2.723 

Blood, human 1.053 

Do. crassamentnm of 1.246 

Do. serum of 1.030 

Borax 1-714 



Butter 0.942 

Camphor 0.988 

Caoutchouc, or India rubber . 0.933 

Carnelion, speckled 2.613 

Chalcedony common, from 

2.600 to 2.650 

Chalk from 2.252 to 2.657 

Chrysolite 3.400 

Chrystalline Lens of the Eye 1.100 

Cinnabar, from Almaden 6.902 

Coals from 1.020 to 1.300 

Copal 1.045 

Coral, red from 2.630 to 2.857 

white from 2.540 to 2.670 

Corundum 3.710 

Cyder 1.018 

Diamond, oriental, colourless . 3,521 
Do. coloured varieties, 

from 3.523 to 3.650 

Diamond, Brazilian 3.444 

Do. colonred varieties, 

from 3.518 to 3.660 

Dolomite from 2.540 to 2.830 

Dragon's Blood (a resin) 1.204 

Ether, Acetic 0.866 

Muriatic 0.729 

Nitric 0.908 

Sulphuric from 

0.632 to 0.775 

Emerald from 2.600 to 2.770 

Euclase from 2.900 to 3.300 

Fat of Beef 0.923 

Hogs 0.936 

Mutton 0.923 

Veal 0.934 

Felspar from 2.438 to 2.700 

Flint, black 2.582 

Gamboge 1.222 

Garnet, precious from 

> 4.000 to 2.230 

Do. common from 

3.676 to 3.700 
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Gases*, — Atmospheric Air ... 1.000 

Ammoniacal 0.590 

Carbonic Acid 1.527 

Carbonic Oxide 0.972 

Carburetted Hy- 
drogen 0.972 

Chlorine 2.S00 

Chlorocarbonous 

Acid 3.472 

Chloroprnssic Acid . 2.152 

Cyanogen 1.805 

Euchlorine 2.4.40 

Flaoboric Acid 2.371 

FInosilicic Acid 3.632 

Hydriodic Acid 4.340 

Hydrogen 0.069 

Muriafio Acid 1.284 

Nitric Oxide 1.041 

Nitrogen 0.972 

Nitrous Acid 2.638 

Nitrons Oxide 1.527 

Oxygen 1.111 

Phosphuretted Hy- 
drogen 0.902 

Prnssic Acid 0.937 

Sub-carbnretted 

Hydrogen 0.555 

Sub-phosphuretted 

ditto 0.972 

Sulphuretted ditto... 1.180 
Sulphurous Acid ... 2.222 

Glass, crown 2.620 

green 2.642 

flint from 2.760 to 3.000 

plate 2.942 

Granite from 2.613 to 2.956 

Gum arable 1.452 

cherry-tree 1.481 

Gunpowder, loose 0.836 

shaken 0.932 

solid 1.745 

Gypsum, compact from 1.872 to 2.288 
crystallized, from 

2.311 to 3.000 
Heliotrope, or Bloodstone, 

from 2.629 to 2.700 

Honey 1.460 

Honeystone, or Mellite, from 

1.660 to 1.666 
Hornblende, common, from 

3.250 to 3.830 
basaltic, from 

3.160 to 3.333 

Homstone from 2.533 to 2.810 

Hyacinth from 4.000 to 4.780 

Jasper from 2.358 to 2.816 

Jet 1.300 



Indigo 1.009 

Ironstone from Carron 3.281 

Do. Lancashire ... 3.673 

Isinglass 1.111 

lyory 1.825 

Lapis Nephriticus 2.894 

Lard 0.947 

Lead, Glance or Galena from 

Derbyshire ... from 6.665 to 7.786 
Limestone, compact, from 

2.386 to 3.000 
Magnesia, native. Hydrate of 2.330 
Do. Carbonate of, 

from 2.220 to 2.612 
Malachite, compact, from 

3.572 to 3.994 

Marble, Carrara 2.716 

white Italian 2.707 

black veined 2.704 

Parian 2.560 

Mastic, (a resin) 1.074 

Melanite, or black Garnet, 

from 3.691 to 3.800 

Metals, Antimony 6.702 

Arsenic ■■ 5.763 

Bismuth 9.880 

Brass ... from 7.824 to 8.396 

Cadmium 8.600 

Chromium 5.900 

Cobalt 8.600 

Columbium 5.600 

Copper 8.900 

Gold, cast 19.26 

Do. hammered 19.35 

Iridium, hammered ... 23.00 
Iron, cast at Carron . 7.248 
Do. bar-hardened, 

or not 7.788 

Lead , 11.35 

Maganese 8.000 

Mercury, solid, 3° be- 
low Oof Fahr 16.61 

Do. at 32° of Fahr. ... 13.69 
Do. at 60" of Fahr. ... 13.68 
Do. at 212" of Fahr... 13.37 

Molybdenum 8.600 

Nickel, cast 8.279 

forged 7.666 

Osmium and Khodi- 

um, alloy of 19.60 

Palladium 11.80 

Platinum 21.47 

Potassium at 59° Fab. 0.865 

Rhodium 10.65 

Selenium 4.300 

Silver 10.47 

hammered 10.51 

I inches, is 



It must be remembered that atmospheric air, the barometer at I 
the medium of reference for the gases and vapours. 
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MetalB, Sodium at SCFahr.... 0.972 

Steel, soft 7.833 

tempered 7.816 

hardened 7.810 

tempered & har- 
dened 7.818 

Tellurium, from 

6.700 to 6.115 

Tin, Cornish 7.291 

Do. hardened 7.299 

Tungsten 17.40 

Uranium 9.000 

Zine ... from 6.900 to 7.191 

Mica from 2.650 to 2.934 

Millc 1.032 

Mineral pitch, or Asphaltum, 

from 0.905 to 1.650 

Mineral TaJlow 0.770 

Mjrrh, (a resin) 1.360 

Naphtha from 0.700 to 0.847 

Nitre 1.900 

Obsidian from 2.348 to 2.370 

Oils, Essential— Amber 0.868 

Aniseseed 0.986 

Carawayseed ... 0.904 

Cinnamon 1.043 

Cloves 1.036 

Fennel 0.929 

Lavender 0.894 

Mint, common . 0.898 

Turpentine 0.870 

■Wormwood ... 0.907 
Expressed — Sweet Al- 
monds 0.932 

CodBsh 0.923 

Filberts 0.916 

Hempseed 0.926 

Linseed 0.940 

OUvea 0.915 

Poppyseed 0.939 

Rapeseed 0.913 

Walnuts, from 

0.923 to 0.947 

Whale 0.923 

Opal, precious 2.114 

Common, from 1.958 to 2.114 

Opium 1.336 

Orpiment from 3.048 to 3.500 

Oyster-shell 2.092 

Pearl, oriental, from 2.510 to 2.750 

Pearlstone 2.340 

Peat from 0.600 to 1.329 

Peruvian Bark 0.784 

Phosphorus 1.770 

Pitchstone from 1.970 to 2.720 

Plumbago or Graphite, from 

1.987 to 2.400 

Porcelain, from China 2.384 

Sevres 2.145 

Porphyry from 2.452 to 2.972 



Porphyry, Seltzer 1.003 

Proof-spirit...., 0.923 

Pumice-stone ...from 0.752 to 0.914 

Quartz from 2.624 to 3.750 

Realgar from 3.225 to 8.338 

Rock-crystal ... from 2.581 to 2.888 

Ruby, oriental 4.283 

Sal Gem 2.143 

Sapphire, oriental, from 

4.000 to 4.200 

Sardonyx from 2.602 to 2.268 

Soammony of Smyrna 1,274 

Aleppo 1.286 

Schorl from 2.922 to 3.452 

Serpentine from 2.264 to 2.999 

Shale 2.600 

Silver Glance ... from 5.300 to 7.208 

Slate, (drawing) 2.110 

Smalt 2.440 

Spar, Fluor from 3.094 to 3.791 

I>o. calcareous, from 2.620 to 2.837 
Spar, double-refracting, from 

Castleton 2.724 

Spermaceti 0.943 

Spodumene, or Triphane, 

from 3.000 to 3.218 

Stalactite from 2.323 to 2.546 

Steatite from 2.400 to 2.665 

Steam of water 0.481 

Stilbite from 2.140 to 2.600 

Strontian, Sulphate of, from 

3.583 to 3.958 
Do. Carbonate of, from 

3.658 to 3.675 
Stone, Bristol ... from 2.510 to 2.640 

cutlers' 2.111 

grinding 2.142 

hard 2.460 

paving,... from 2.415 to 2.708 

Portland 2.496 

Rotten 1.981 

Sugar 1.606 

Sulphur, native 2.003 

fused 1.990 

Talc from 2.080 to 3.000 

Tallow 0.941 

Topaz from 4.010 to 4.061 

Tourmaline from 8.086 to 3.362 

Turquoise from 2.500 to 3.000 

Ultramarine 2.360 

Uranite 2.190 

Vesuvian from 3.300 to 3.575 

Vinegar from 1.013 to 1.080 

Water, distilled 1.000 

sea 1.028 

of Dead Sea 1.240 

Wax, bees' 0.964 

White 0.968 

Shoemakers' 0.897 

Whey, Cows' 1.019 
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Wine, Bordeaux 0.993 

Burgundy 0.991 

Constance 1.081 

Malaga 1.022 

Port 0.997 

■White Champagne 0.997 

■Wood, Alder 0.800 

Apple-tree 0.793 

Ash 0.845 

Bay-tree 0.822 

Beech 0.852 

Box, French 0.912 

Dutch 1.328 

Brazilian, Bed 1.031 

Campeachy 0.913 

Cedar, Wild 0.596 

Palest 0.613 

Indian 1.316 

American 0.561 

Cherry-tree 0.715 

Citron 0.726 

Cocoa-wood 1.040 

Crab-tree 0.765 

Cork 0.240 

Cypress, Spanish 0.644 

£bony, American 1.331 

Indian 1.209 

Elder-tree 0.626 

Elm-tree 0.671 

Filbert-tree 0.600 

Fir, Male 0.560 

Female 0.498 



Wood, Hazel 


. 0.600 


Jaatnin, Spanish 


0.770 




0.666 




0.703 




1.333 


Linden-tree 


0.604 


Mastick-tree 


. 0.849 


Mahogany 


1.063 


Maple-tree 


0.750 


Medlar 


. 0.944 


Mulberry, Spanish .. 


0.897 


Oak-heart, 60 years 




old 


1.170 


Olive-tree 


0.927 




0.706 




0.166 


Plum-tree 


0.785 


Pomegranate-tree 


1.351 


Poplar-tree 


0.383 


Do. White Spanish 


0.629 


Quince-tree 


0.705 




0.482 


Vine 


1.327 


Walnut 


0.681 


Willow 


0.685 


"Yew, Dutch 


0.788 


Spanish 


0.807 


Knot of 16 years 




old 


1.760 


Woodstone from 2.045 to 2.676 


Zeolite from 2.073 to 2.718 


Zircon from 4.386 to 4.700 
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II. 

ELASTIC FORCE, TEMPERATURE AND VOLUME 

or 

STEAM AND WATER IN CONTACT. 



Fressure on a 


Elastic force in 


Temperature in Degrees of 


Volume of 


Square 


Inch, in- 












Steam com- 


dudmg cne 












pared with 
the Volume 


Pressure of the 


Inches 


Metres 


Fahren- 
heit. 






Atmosphere. 


of Mer- 


of Mer- 


Eeaum. 


Cent. 


of Water. 






cury. 


cury. 










lbs. 


kilog. 














14.7 


6.668 


30.00 


.762 


212.0 


80.0 


100.0 


1700 


15 


6.80 


30.60 


.778 


212.8 


80.4 


100.4 


1669 


16 


7.26 


32.64 


.829 


216.3 


81.9 


102.4 


1673 


17 


7.71 


34.68 


.880 


219.6 


83.3 


104.2 


1488 


18 


8.16 


36.72 


.932 


222.7 


84.7 


106.9 


1411 


19 


8.62 


38.76 


.984 


225.6 


86.0 


107.6 


1343 


20 


9.07 


40.80 


1.037 


228.5 


87.3 


109.2 


1281 


21 


9.52 


42.84 


1.089 


231.2 


88.6 


110.7 


1225 


22 


9.98 


44.88 


1.140 


233.8 


89.7 


112.1 


1174 


23 


10.43 


46.92 


1.192 


236.3 


90.8 


113.5 


1127 


24 


10.88 


48.96 


1.244 


238.7 


91.9 


114.8 


1084 


25 


11.34 


51.00 


1.296 


241.0 


93.0 


116.1 


1044 


26 


11.79 


63.04 


1.348 


243.3 


93.9 


117.4 


1007 


27 


12.25 


55.08 


1.400 


245.5 


94.9 


118.6 


973 


28 


12.70 


57.12 


1.452 


247.6 


95.8 


119.8 


941 


29 


13.J6 


59.16 


1.603 


249.6 


96.7 


120.9 


911 


SO 


13.61 


61.21 


1.665 


251.6 


97.6 


122.0 


883 


31 


14.06 


63.24 


1.607 


263.6 


98.6 


123.1 


867 


32 


14.61 


65.28 


1.669 


255.6 


99.8 


124.2 


833 


33 


14.97 


67.32 


1.711 


257.3 


100.1 


126.2 


810 


34 


15.42 


69.36 


1.763 


269.1 


100.9 


126.2 


788 


35 


15.87 


71.40 


1.814 


260.9 


101.7 


127.2 


767 


36 


16.33 


73.44 


1.866 


262.6 


102.5 


128.1 


748 


37 


16.78 


75.48 


1.918 


264.3 


103.2 


129.1 


729 


38 


17.23 


77.52 


1.970 


266.9 


104.0 


129.9 


712 


39 


17.69 


79.66 


2.022 


267.5 


104.7 


130.8 


696 


40 


18.14 


81.60 


2.074 


269.1 


105.4 


131.7 


679 


41 


18.69 


83.64 


2.126 


270.6 


106.0 


132.6 


664 


43 


• 19.05 


85.68 


2.178 


.272.1 


106.7 


133.4 


649 


43 


19.50 


87.72 


2.229 


273.6 


107.4 


134.2 


635 


44 


19.9fi 


89.76 


2.281 


275.0 


108.0 


135.0 


622 


45 


20.41 


91.80 


2.3.33 


276.4 


108.6 


135.8 


610 


46 


20.86 


93.84 


2.385 


277.8 


109.2 


136.6 


698 


47 


21.32 


95.88 


2.437 


279.2 


109.9 


137.3 


686 


48 


21.77 


97.92 


2.489 


280.5 


110.4 


138.1 


575 


49 


22.22 


99.96 


2.641 


381.9 


111.1 


138.8 


564 


50 


22.68 


102.00 


2.592 


283.2 


111.6 


139.6 


654 


51 


23.13 


104.04 


2.644 


284.4 


112.2 


140.2 


544 


52 


23.59 


106.08 


2.696 


285.7 


112.8 


140.9 


534 
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53 


24.04 


54 


24.49 


66 


24.95 


66 


25.40 


67 


25.85 


68 


26.31 


69 


26.76 


60 


27.21 


61 


27.67 


62 


28.12 


63 


28.57 


64 


29.03 


66 


29.48 


66 


29.93 


67 


30.39 


68 


30.84 


69 


31.29 


70 


31.75 


71 


32.20 


72 


32.66 


73 


33.11 


74 


33.66 


76 


34.02 


76 


34.47 


77 


34.93 


78 


86.38 


79 


35.83 


80 


36.29 


81 


36.74 


82 


87.19 


83 


37.65 


84 


88.10 


86 


88.56 


86 


39.01 


87 


39.46 


88 


39.91 


89 


40.37 


90 


40.82 


91 


41.27 


92 


41.73 


93 


42.18 


94 


42.64 


95 


43.09 


96 


43.54 


97 


44.00 


98 


44.46 


199 


44.90 


100 


46.36 


no 


49.89 


120 


54.43 


130 


58.97 


140 


63.60 


160 


68.04 


160 


72.57 


170 


77.11 


180 


81.65 


190 


86.18 


200 


90.72 



108.12 
110.16 
112.20 
114.24 
116.28 
118.32 
120.36 
122.40 
124.44 
126.48 
128.52 
130.66 
132.60 
134.64 
136.68 
138,72 
140,76 
142.80 
144.84 
146.88 
148.92 
150.96 
153.02 
166.06 
157.10 
159.14 
161.18 
163.22 
165.26 
167.30 
169.34 
171.38 
173.42 
175.46 
177.60 
179.54 
181.58 
183.62 
185.66 
187.70 
189.74 
191.78 
193.82 
196.86 
197.90 
199.92 
201.96 
204.01 
224.40 
244.82 
265.23 
285.61 
806.03 
326.42 
346.80 
867.26 
387.60 
408.04 



2.748 
2.800 
2.852 
2.903 
2.955 
3.007 
3.059 
8.111 
3.163 
3.215 
3.266 
3.318 
3.370 
3.422 
3.474 
3.626 
3.577 
3.629 
3.681 
3.733 
3.785 
3.837 
3.889 
3.940 
3.992 
4.044 
4.096 
4.148 
4.199 
4.262 
4.303 
4.365 
4.407 
4.459 
4.611 
4.663 
4.615 
4.666 
4.718 
4.770 
4.822 
4.874 
4.926 
4.977 
5.029 
6.081 
5.133 
6.185 
5.703 
6.222 
6.740 
7.259 
7.778 
8.296 
8.814 
9.333 
9.861 
10.370 



286.9 
288.1 
289.3 
290.5 
291.7 
292.9 
294.2 
295.6 
296.9 
298.1 
299.2 
300.3 
301.3 
302.4 
303.4 
304.4 
305.4 
306.4 
307.4 
308.4 
309.3 
310.3 
311.2 
312.2 
313.1 
314.0 
314 9 
315.8 
316.7 
317.6 
318.4 
319.3 
320.1 
321.0 
321.8 
322.6 
323.6 
324.3 
326.1 
326.9 
326.7 
327.6 
328.2 
329.0 
329.8 
330.5 
331.3 
332.0 
339.2 
345.8 
352.1 
867.9 
363.4 
368.7 
373.6 
378.4 
382.9 
887.3 



113.3 
113.8 
114.4 
114.9 
115.4 
116.0 
116.5 
117.2 
117.7 
118.3 
118.8 
119.2 
119.7 
120.2 
120.6 
121.1 
121.5 
122.0 
122.4 
122.8 
123.2 
123.7 
124.1 
124.5 
124.9 
125.3 
125.7 
126.1 
126.5 
126.9 
127.3 
127.7 
128.0 
128.4 
128.8 
129.2 
129.6 
129.9 
130.3 
130.6 
131.0 
131.3 
131.6 
132.0 
132.4 
132.7 
133.0 
133.3 
136.6 
139.5 
142.3 
144.8 
147.3 
149.6 
161.8 
163.9 
156.0 
157.9 



141.6 
142.3 
142.9 
143.6 
144.3 
144.7 
146.1 
146.4 
147.2 
147.8 
148.4 
149.1 
149.6 
160.2 
160.8 
151.3 
151.9 
152.4 
163.0 
163.6 
154.1 
154.6 
165.1 
165.7 
166.2 
166.7 
167.2 
157.7 
168.2 
158.7 
159.1 
169.6 
160.1 
160.6 
161.0 
161.4 
161.9 
162.4 
162.8 
163.3 
163.7 
164.2 
164.8 
166.0 
165.4 
165.8 
166.3 
166.7 
170.7 
174.3 
177.8 
181.1 
184.1 
187.1 
189.8 
192.4 
194.9 
197.4 



625 
616 
608. 
500 
492 
484 
477 
470 
463 
466 
449 
443 
437 
431 
426 
419 
414 
408 
403 



388 
383 
379 
374 
370 
366 
362 
368 
354 
350 
346 
342 
339 
335 



325 
322 
319 
316 
313 
310 
307 
304 
301 
298 
295 
271 
251 
233 
218 
205 
193 
183 
174 
166 
168 
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III. 

ELASTIC FORCE (IN ATMOSPHERES) AND TEMPERATURE 

or 
STEAM AND WATER IN CONTACT. 



Elasticity of Steam, 

the pressure of 

the atmosphere 

beiDg 1. 


Corresponding 

temp, in deg. of 

Fahrenheit. 


Elasticity of Steam, 

the pressure of 

the atmosphere 

being 1. 


Corresponding 

temp, in deg. of 

Fahrenheit. 


1 

I' 

f 
I' 

I' 

9 
10 
11 
12 


212» 

234 

350.5 

263.8 

276.2 

285 

293.7 

300.3 

307.6 

314.24 

320.36 

326.26 

331.7 

336.86 

341.78 

360.78 

358.88 

366.85 

374 


13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 


380.66" 

386.94 

392.86 

398.48 

403.83 

408.92 

413.78 

418.46 

422.96 

427.28 

431.42 

436.66 


25 

30 
35 
40 
46 
50 


439.34 
457.16 
472.73 
486.59 
499.14 
510.6 



The above Table shews the results of the Committee of the 
French Academy of Sciences consisting of Arago, Dulong, 
Geraud and Prony. The Atmosphere is measured by a column 
of mercury of 29.922 inches (O.76 metre), which is adopted in 
France as the mean height of the barometer at the surface of 
the sea. 

The last six temperatures in the Table are deduced by cal- 
culation. See Ann. de Chim. et Ph. xliii. 74. 
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IV. 



Temperature and Elastic Force op Vapour 
FROM 32" F. TO 85" F. 



Tempera- 


Inches of 


Tempera^. 


Inches of 


ture. 


Mercury. 


ture. 


Mercury. 


212 P. 


30. 


212 F. 


30. 


32 


0.200 


fo 


0.607 


33 


0.a07 


0.624 


34 


0.214 


61 


0.542 


35 


0.221 


62 


0.660 


36 


0.229 


68 


0.578 


37 


0.237 


64 


0.697 


38 


0.245 


65 


0.616 


39 


0.264 


66 


0.635 


40 


0.263 


67 


0.665 


41 


0.273 


68 


0.676 


42 


0.283 


69 


0.698 


43 


0.294 


70 


0.721 


44 


0.305 


71 


0.745 


45 


0.316 


72 


0.770 


46 


0.328 


73 


0.796 


47 


0.339 


74 


0.823 


48 


0.351 


76 


0.861 


49 


0.363 


76 


0.880 


60 


0.375 


77 


0.910 


51 


0.3S8 


78 


0,940 


52 


0.401 


79 


0.971 


S3 


0.415 


80 


1.01 


54 


0.429 


81 


1.04 


65 


0.443 


82 


1.07 


66 


0.458 


83 


1.10 


57 


0.474 


84 


1.14 


58 


0.490 


85 


1.17 



See Dalton's paper on Evaporation in the 5th Vol. of the, 
Memoirs of the Manchester Society, page 585 ; also Thomson's 
jffeat and Electricity, 1 86, 3rd edition, for the elastic force of 
vapour at other temperatures. By means of this table (see 
Art. 196) the quantity of vapour capable of existing in the 
atmosphere at a given temperature may be ascertained, 

THE END. 



CAMBBISOE : PRINTED AT THE UNIVEBSITX PKEgS. 
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